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Abstract 
 
This study investigates the effects of Z-pinning on the delamination performance in 
opening and shear loading modes in woven fabric reinforced / epoxy composite 
materials, as well as the effects of friction between specimen crack faces and the Z-pin 
failure mechanisms involved in mode II delamination.  
 
Mode I and mode II delamination tests are carried out on Z-pinned unidirectional (UD) 
and woven laminates. Both UD and woven laminates exhibit enhanced delamination 
resistance and crack propagation stability through Z-pinning. The effects of various 
structural and Z-pin parameters on the mode I and mode II delamination behaviour are 
separately assessed.  
 
The 4ENF testing configuration is deemed as the appropriate mode II configuration for 
the testing of Z-pinned laminates. A new basic friction rig is used to measure the 
friction coefficient between crack faces in woven laminates. An additional friction 
effect attributed to fibre architecture is identified. A specially designed delamination 
specimen is used to overcome the difficulty of accurately measuring crack propagation 
in Z-pinned woven fabric materials and aid data reduction using the available analytical 
methods. 
 
The failure mechanisms involved in the mode II delamination of Z-pinned laminates 
have been investigated with the implementation of a new test. Z-pins fail under shear 
loading through a combination of resin crushing, laminate fibre breakage, pin shear, pin 
bending and pin pullout. The balance of the failure mechanisms is shown to be a 
function of the crack opening constraint, material type, stacking sequence, Z-pin angle 
and insertion depth to Z-pin diameter ratio. 
 
Z-pin and material parameters influencing Z-pinning quality are identified, categorised 
and quantified. The importance of controlling Z-pin insertion depth is underlined and 
updated manufacturing procedures are proposed. Partial pinning appears as an 
advantageous alternative. 
 
A reduction in in-plane stiffness and in-plane strength in UD and woven fabric 
composites is measured, whilst no significant change of in-plane shear stiffness of UD 
materials is observed. A reduction in the fibre volume fraction is the single most 
important parameter affecting the in-plane stiffness. 
 
The performance of a Z-pinned sub-structural component is investigated. Enhanced 
loading carrying capacity and damage tolerance is achieved through Z-pinning.  
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1 Introduction 
 
The use of fibre reinforced polymer composites is encountered in numerous 
applications. Carbon fibre reinforced polymer composites (CFRP) are popular with the 
most demanding of them, due to their high in-plane stiffness to weight ratio (aircraft, 
aerospace, racecars, marine), high strength (F1 tubs, sailing masts), high energy 
absorption capacity (vehicle crash structures), chemical resistance (chemical industry, 
surgical implants), thermal and low wear properties (aerospace, brakes, bearings), 
dimensional stability (aerospace), excellent fatigue characteristics (rotating shafts) and 
their complex forming potential [1-5]. Despite the wide range of manufacturing 
techniques now available for composites, for most of the applications of carbon fibre 
laminates high grade prepreg lay-up is used, in order to achieve the highest possible 
fibre volume content. Most composite material applications are sized by terms of 
stiffness and strength, both directly related to the fibre volume content [6,7]. An 
inherent drawback of laminated composites is the relatively low mechanical strength in 
the through-the-thickness direction, determined by the strength of the polymer matrix 
and/or of the fibre–matrix interface. Thus, their application in damage critical 
lightweight structures or components supporting out-of-plane loads is restricted. A 
common form of damage in these materials is delamination cracking, which can 
degrade the in-plane mechanical properties, especially compressive strength, as well as 
fatigue performance. There has been significant effort in constructing composites with a 
three-dimensional fibre architecture, such as 3D interlocked weaves. However, part 
designers still prefer laminated construction, especially in an integrally-stiffened co-
cured form, because of the lower fabrication and assembly complexity and costs. 
 
 
1.1 Mechanical response of composites 
 
Composite materials and in particular CFRP are highly orthotropic. Their in-plane shear 
strength and especially their out-of-plane shear strength are only a fraction of their in-
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plane principal strengths. The low out-of-plane strength is due to the lack of fibre 
reinforcement in the thickness direction. The properties of the matrix dominate the 
response of the composite in the case of out-of-plane loading, as well as in some in-
plane loading cases. The importance and role of the matrix in composite materials is 
well-documented [8,9]. In particular, delamination toughness (or critical strain energy 
release rate G) is a matrix dominated property, which in turn governs the response to 
out-of-plane loading. Most probable locations for the presence of out-of-plane loading 
can be laminate free edges, hole edges, ply-drops, voids, resin poor regions, bonded or 
bolted joints and most significantly impact sites [3,9-13].  
 
Impact, depending on the speed of the projectile and the peak load generated, can result 
in either penetration of the laminate or in delaminations. Penetration occurs at high 
speed impact and is related to matrix density and modulus [12]. A typical projectile 
speed for penetration is 20m/s. Lower speed impact produces delaminations which are 
hidden inside the laminate. This kind of damage is usually referred to as barely visible 
impact damage (BVID). The delaminated area is a function of the impact energy and 
laminate stiffness, therefore of the laminate thickness and fibre properties. The location 
for delamination initiation is typically where the shear stress is maximum, namely at the 
centre of the laminate in the thickness direction. There is a relation of impact force to 
the delamination resistance of the composite in shear, providing an estimate to the 
initiation of delamination [12,13]. 
 
Delaminations due to impact can reduce compression after impact strength (CAI) up to 
70% for a thermoset matrix composite [12,13]. Delaminations in a laminate subjected to 
compression loading allow local buckling of the separated sub-laminates to occur and 
turn compression from a fibre dominated property to one governed by delamination 
resistance in the crack opening mode [9,10]. Therefore, CAI strength, along with in-
plane shear strength, is affected by the properties of the matrix.  
 
Carbon fibre composites containing no damage exhibit excellent fatigue performance 
under in-plane loading. For laminates containing delamination damage, fatigue crack 
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growth has been shown to be related to ∆G, the strain energy release rate range [3,9]. 
The Paris equation expresses the relation between the crack growth rate and ∆G: 
 
jda J ( G)
dN
= ⋅ ∆  (1-1)
 
The exponent j is large (about 5-10 [3,9]), which renders fatigue growth fast. The 
mechanisms of fatigue degradation are well documented, but there has been little 
research work in determining the criteria for fatigue crack growth thresholds, especially 
from impact damage, which is the important parameter [3,9]. Delamination crack 
growth is the major damage growth mechanism in practice. Subsequently, the 
susceptibility of laminated composites to delamination affects the design envelope of 
structural components. 
 
 
1.2 Crack management in composite structures 
 
The wide use of composite materials in structural applications has led to the creation or 
amendment of design regulations to accommodate these new materials. Examples of 
such regulations are the safety regulations of Formula 1 grand prix racing, or the ones 
for the certification of commercial aeroplanes. The latter are indicative of the level of 
confidence displayed in the design of structures with composite materials and the level 
up to which composite materials are exploited. 
 
Assembly design of a structural component of a commercial aircraft such as a stabiliser 
or an empennage requires the presence of bonded and, more significantly, bolted joints 
[5,14]. Necessary changes of thickness translate into ply-drops. Frequent servicing, 
supplies and fuel as well as cargo loading result in frequent low energy impact loading 
of the airplane panels. Moving vehicles as well as tools dropping from a height of 3-4 
meters involve impact speeds certainly less than 20m/s, resulting in low impact loading 
with delamination damage as a consequence. Airframe structures are therefore subjected 
to all kinds of out-of-plane loads during service and are very likely to be damaged. 
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More significantly, most impact damage is induced to upper parts of structures, being 
subjected to aerodynamic compressive loads, while most bolt holes reside in the lower 
part of such structures, being subjected to aerodynamic tension loads. All parts are 
inspected frequently, but at such a frequency as to keep the inspection from becoming 
uneconomical. Most inspection is visual inspection. The visible impact indentation 
threshold is considered to be 1.25mm [15] large enough to allow considerable amount 
of BVID to remain undetected. With the high rate of fatigue degradation and the large 
CAI strength reduction of delaminated composites, aircraft components are required to 
go through a strict certification procedure [14-17]. Since the presence of delamination is 
very likely, a no growth approach is adopted. The result of this is that the allowed 
design strain is set to 0.4%, significantly lower than the undamaged laminate strain 
potential. 
 
 
1.3 Current practices 
 
Improving the delamination resistance of CFRP is of high importance, in order to 
exploit fully the remaining advantageous material properties of CFRP. A probable 
solution is the use of a toughened resin system, as in the case of the Boeing 777 [14]. 
 
The use of textiles is also attractive. Use of quasi-laminar textiles as a starting point, 
such as a 2D woven fibre architecture fabric, is mostly considered as only minor 
changes need to be made to the manufacturing procedure. Use of unidirectional tape 
laminate material remains widespread, since woven architectures usually posses 
fractionally inferior stiffness and strength properties [9,18]. On the other hand, damage 
or impact tolerance is superior, as well as strain to failure and work of fracture [9,18]. 
Handling and manufacturing is usually also easier and there is more potential for 
integrating joints in the design or the use of robotic manufacture. Depending on the 
level up to which each textile technology has been developed, relative cost can be 
attractive or not. 
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Among 2D fibre architectures incorporating equal properties in the two directions, 2 by 
2 twill woven fabric composites seem to present the best compromise in terms of 
delamination resistance, shear strength and stiffness [18]. 
 
The most popular new way to address the problem of delamination has become the 
adoption of through the thickness reinforcing (TTR) techniques. The preferred layered 
manufacture remains, along with the availability of fibres taking up through thickness 
stresses. One such TTR technique, on which this study focuses, is Z-Fiber® pinning, or 
simply Z-pinning. The improvement of TTR techniques on delamination resistance is 
substantial. 
 
All current TTR solutions are described in section 2.3. It will be portrayed that there is 
an additional effect of the implementation of these techniques on the in-plane 
properties. Since in-plane properties seem to be currently the primary aspect of material 
choice, investigation of this effect is important.  
 
 
1.4 Objectives of this study 
 
Previous studies on Z-pinning have investigated the beneficial effects of the technique 
on the delamination toughness of unidirectional materials. An assessment of impact 
performance and CAI strength has also been attempted [19,20]. Significant analytical 
modelling work is currently under way by international collaborators, also presented in 
section 2.6. 
 
This study presents an extension of current knowledge on the delamination performance 
in opening and shear modes and the mechanics of Z-pining on woven materials, as well 
as addressing the issue of in-plane property degradation. A better understanding of all 
factors and mechanisms involved in mode II delamination is being sought. Additionally, 
Z-pinning quality assessment will be addressed, as well as the application of the attained 
knowledge to the performance of simple Z-pinned structures. 
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1.5 Thesis structure 
 
Chapter 1 reviews the problems associated with delamination and the load cases under 
which delamination occurs in structures. Enhanced delamination control can raise the 
design strain allowables. 
 
Chapter 2 presents a review of delamination control techniques found in literature; both 
effects on delamination resistance and corresponding failure mechanisms are described.  
The influence of these techniques on the in-plane properties and failure mechanisms is 
also portrayed.  
 
Chapter 3 describes the materials and the manufacturing procedures used in this study. 
A further assessment of the influence of parameters related to Z-pinning on the quality 
of the manufactured laminates is carried out and updated or alternative procedures and 
techniques are suggested. The effects of Z-pin density, Z-pin diameter, Z-pin angle and 
insertion depth are quantified and their effects on the meso-structure of the laminates 
are described. 
 
Chapter 4 includes the testing procedure and results regarding mode I delamination. The 
testing standard and the Z-pinned specimen layout are described. The delamination 
toughness and microstructure of the M21 and M36 resin systems are quantified and 
examined. The effects of structural and Z-pinning parameters on the delamination 
toughness are individually assessed. The increase in delamination toughness as well as 
in the stability of crack propagation imposed by Z-pinning to UD laminates is also 
identified in woven fabric composites.  
 
Chapter 5 investigates the effect of Z-pinning on delamination behaviour under mode II 
loading. The suitability of the available mode II testing configurations to Z-pinned 
laminates is evaluated. Critical issues concerning the measurement of mode II 
delamination toughness are examined; namely, the effect of friction between crack faces 
and the effect of crack length measurement on the application of data reduction methods 
on Z-pinned woven fabric laminates. A specimen specifically designed to aid the data 
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reduction method and the subsequent correction procedure is presented. The failure 
mechanisms and energy absorption potential of Z-pins under shear loading in UD and 
woven fabric materials are investigated using a new Z-pin shear test. The effects of 
structural and Z-pinning parameters on the delamination toughness are individually 
assessed.  
 
The effect of Z-pinning on the tensile and in-plane shear moduli, as well as tensile 
strength is investigated in Chapter 6. The performance of Z-pinned UD and woven 
fabric laminates is compared. The source of the measured degradation is sought in the 
alteration of the meso-structure of the laminates imposed by Z-pin insertion 
 
Chapter 7 investigates the potential of transferring the beneficial attributes of Z-pinning 
from coupon level to sub-structural level by testing a sub-structural component. Effects 
of Z-pin location and Z-pin parameters on the load carrying capacity, damage tolerance 
and failure mode of the component are examined. 
 
Chapter 8 summarises the areas studied and further discusses selected issues. Chapter 9 
states the important conclusions drawn and suggests issues on which work needs to 
continue.  
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2 Literature review on delamination control 
 
The high risk of delamination cracking in composites either compromises the 
exploitation level of their use in engineering applications, or limits their application 
envelope to non primary structural components. The importance of improving the 
delamination resistance of CFRPs, as well as understanding the mechanisms behind 
delamination cracking, has been highlighted in chapter 1.  
 
Delamination resistance can be partitioned into two main categories: (a) resistance to 
initiation, which represents the critical value of the interlaminar fracture toughness of a 
composite material to resist the onset of growth of a defect, and (b) resistance to 
propagation, which involves the capability of the material to arrest an existing crack. 
The role and importance of the matrix in the delamination resistance capacity of 
composites has been underlined. Firstly, the matrix based methods of improving 
delamination resistance will be presented. An overview of through-the-thickness 
reinforcement (TTR) methods follows, accompanied by a description of the 
mechanisms of fracture. Material effects as well as the effects of in-plane properties are 
dealt with next. Analytical and numerical modelling work is presented last. However, 
some very basic considerations of fracture mechanics need to be described initially. 
 
 
2.1 Linear elastic fracture mechanics 
 
Fracture mechanics is a macro theory that defines parameters which characterise failure 
over regimes of known size [21], following the assumption that all bodies contain flaws 
or cracks. Fracture mechanics studies the response of a material containing such a flaw 
or crack of a known length α. According to the response of the material, a fundamental 
division of fracture mechanics into linear elastic (LEFM) and elastic-plastic (EPFM) is 
made. EPFM is used when the material exhibits a high degree of plasticity at the crack 
tip zone, invalidating description by linear elastic fracture mechanics. The more general 
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J-integral method is then applied to characterise fracture. If the behaviour of the 
material is linear, elastic and homogeneous, even when large deflections produce a non-
linear load-deflection curve [21], then LEFM can be applied. A good measure of the 
applicability of LEFM is a simple criterion described in the testing protocols [22,23]; 
after acquiring the load-deflection curve of the material, a new curve can be created by 
increasing the initial compliance of the material by 5% (Figure 2-1). If the ratio 
PMax/P5% is lower than 1.1, then LEFM can be applied. Fibre reinforced composite 
materials comply with LEFM conditions, being brittle in character, with small crack tip 
damage zones in comparison with other specimen dimensions. 
 
Figure 2-1: Schematic representation of the construction of the 5% offset compliance curve 
based on the initial load-deflection curve, according to ISO 15024 [22]. 
 
There are two LEFM approaches. The first is the elastic stress intensity field approach 
originally developed by Irwin, which uses the stress intensity factor K to describe 
fracture. Developed initially for isotropic materials, the solution of stress-field problems 
in anisotropic media, involves the use of complex analytic function theory, and can be 
very difficult [21]. The second is the global energy balance approach based on work by 
Griffith, which uses the strain energy release rate (SERR) G to describe fracture, 
assuming that crack growth can be characterised in terms of energy per unit area 
necessary to create a new surface area. This approach results in surprisingly simple 
solutions and can be a very useful tool for design purposes [21]. Delamination growth 
occurs when the SERR exceeds a certain critical value, GC, usually referred to as 
delamination toughness of the material. GC can be related to KC, the critical value of the 
P5% 
PMax 
Load 
Deflection 
5% offset 
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stress intensity factor for delamination growth, depending on the assumed stress 
conditions [21,24].  
 
Figure 2-2: General loading on a cracked body, as in [21] 
 
Considering the material of Figure 2-2, with a crack length α, a uniform thickness b, 
undergoing self-similar propagation with a crack speed of α , under an applied load P, 
the delamination toughness GC is defined as the energy required for the creation of the 
fracture area αdbdA ⋅= . By adopting the static LEFM assumptions (brittle fracture, 
small damage zones in comparison with other dimensions, all energy dissipation is 
embodied in G) and solving the energy balance equation, the fundamental expression 
for the strain energy release rate can be obtained:                                                            
αd
dC
⋅=
2b
PG
2
C
 (2-1)
,where C is the compliance, defined as: 
P
δC =  (2-2)
 
GC is considered to be a material property, independent of specimen geometry. The 
specimen geometry proposed in test protocols is optimised to ensure consistency with 
LEFM conditions. Specimen dimensions ensure reduced deflections and edge effects, 
while the initial defect, simulating the crack, is well defined to produce reproducible 
and conservative data [20,23].  Delamination toughness GC depends only on the mode 
dα α 
P 
P 
b 
δ 
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of fracture, which in turn is defined by the type of loading the crack tip is subjected to. 
Figure 2-3 depicts the three fundamental modes of fracture. Mode I is the crack opening 
mode, where a tensile stress is applied in the direction normal to the plane of crack 
propagation. Mode II is the crack shear mode, where a shear stress is applied in the 
plane of crack propagation, but normal to the crack tip. Mode III is the tearing mode, 
where a shear stress is applied parallel to the crack tip. There are, subsequently, three 
critical SERRs: GIC, GIIC, GIIIC. 
 
 
Figure 2-3: The three fundamental modes of fracture 
 
Fracture in structures occurs under a triaxial state of stress, and the mode of fracture is 
seldom a pure one. However, it can be decomposed into the three fundamental modes, 
and the behaviour under the actual stress state can be characterised by the combination 
of the performance in the three modes. 
 
Delamination testing protocols describe methods with which each mode of fracture can 
be isolated and the delamination toughness can be measured. Further details on 
delamination testing will be presented in sections 4.1 and 5.1. 
 
 
 
 
z
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2.2 Matrix based techniques 
 
The characteristic delamination toughness for a material in each fracture mode is 
defined by the resin toughness, interfacial strength between fibre and resin and the fibre 
properties. The first two are most essential in determining interlaminar fracture 
toughness. Matrix based techniques enhance resistance to crack initiation. Moreover, 
the use of a matrix based technique does not prohibit the additional application of a 
TTR technique for further delamination toughness enhancement. 
 
2.2.1 Toughened resins 
 
Due to the importance of matrix toughness in interlaminar failure of composites, the 
initial approach to tougher composites was to use toughened resin matrices. The amount 
of effort put into that approach and the findings are reviewed in [8,23,25] in detail. 
Popular ways to toughen resins are to modify the resin with a rubber or a thermoplastic 
or to use a thermoplastic matrix. The fibre/matrix interface can be in turn improved by 
coating the fibres with rubber or ductile plastic.  
 
(a) (b) 
Figure 2-4: Mode I (GIC) (a) and mode II (GIIC) (b) delamination fracture toughness for a 
variety of composites, presented as a function of the respective neat resin toughness (GIm), after 
[8]. 
 
Figure 2-4 depicts the trends of delamination toughness of composites with toughened 
resin systems for both fracture modes, GIC and GIIC, relative to the mode I delamination 
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toughness of the neat resin system, GIm. The influence of resin toughness is different for 
mode I and II fracture of composites. It seems to be particular significant for mode I 
when the neat resin toughness is in the range of 0.1 to 0.4 kJ/m2, moderately significant 
for GIC in the range of 0.4 to 2 kJ/m2, and fairly insensitive to neat resin toughness 
greater than 2 kJ/m2. The resistance to mode II delamination is generally less sensitive; 
a 100  change in neat resin toughness would result in a 4  variation in GIIC and a 15  
variation in GIC. Another indication of insensitivity of GIIC to GIm is the change in the 
ratio GIIC/GIm from 7 for brittle resins to 0.25 for very ductile resins with GIIC/GIm 
ranging from 2 to 0.25 [8]. 
 
The mechanisms of transferring resin system toughness into composite material 
toughness are complicated. The parameters affecting this transfer are many. The thermal 
history of composite and neat resin is different as the presence of fibres affect thermal 
conductivity. There are also residual stresses after cure. Moreover, the dispersion of any 
toughening thermoplastic particles with sizes comparable to fibre size can be different 
in the composite. A third phase in a region of 0.1µm to 3µm [23,26] around the fibres 
exists, with morphological and chemical features different to both the bulk resin and 
fibres. The extent of this interphase may be more pronounced for multiphase matrix 
composites [23]. 
 
Under any given loading, the stress field around the crack tip differs significantly 
between composite and neat resin. Crack tip strain to failure is much greater in the 
composite than one would infer from a neat resin tensile test. The stress field for mode I 
in a composite with orthotropic reinforcement decays more slowly ahead of the crack 
tip, while reducing peak stresses at the crack tip, compared to isotropic reinforcement. 
The strain field is long and narrow for both mode I and mode II and different to the field 
of the neat resin, depicted in Figure 2-5 [8]. 
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Figure 2-5: Extents of plastic zones at the crack tip in a homogeneous and isotropic material 
(neat resin), after [25] 
 
For brittle resin systems the mode I plastic zone volume in the composite is close to 3.5 
times larger than in the neat resin. Fibre induced stress concentration in this cases 
increases the amount of yielding of the resin [27]. The corrugated roof morphology of 
the fracture surface gives an actual fracture surface area 57% greater to the flat surface 
area of the neat resin. Furthermore, interfacial failures produce some fibre bridging 
behind the crack tip which reduce crack tip stresses and enhance toughness in 
propagation (Figure 2-6). All this explains how GIC tends to be higher than GIm for 
values up to 0.2 kJ/m2 for the latter [8]. 
 
 
Figure 2-6: Extensive fibre bridging in a failed glass-fibre/epoxy specimen under mode I 
loading. 
 
For ductile resin systems, the constraint imposed by fibre spacing on the size of the 
damage zone is most important. A large plastic zone will result in redistribution of the 
stresses away from the crack tip, while sufficient crack tip deformation would allow its 
blunting with beneficial effects. An increase of GIC has been found with reducing the 
fibre volume fraction in ductile resin systems [8]. 
KEY: 
___ _ ___  Mode I plane stress 
------------- Mode I plane strain 
_ _ _ _ _ _ Mode II plane stress 
 ________ Mode II plane strain 
  Literature review on delamination control 
 
16 
Mode II interlaminar fracture is associated with significant resin microcracking ahead of 
the crack tip. The decay of the stress field is much more gradual, and the sigmoidal 
shaped microcracking that develops ahead of the crack tip results in local softening and 
load redistribution of stresses, analogous to the effect of large plastic deformation. It is 
not surprising then that, even for brittle resin systems, GIIC is large.  
 
  
Figure 2-7: Formation of microcracks in mode II [25], and typical example of corresponding 
fracture surface [23]. 
 
The formation mechanism of microcracks, also called hackles or cusps, has been 
modelled with success by Turmel [23]. The model predicts quite accurately the 
difference in delamination toughness between mode I and mode II, due to the different 
cracking geometry.  
 
Using the experimentally measured mode I delamination toughness and the value of the 
parameters from observations of a mode II surface, the delamination toughness in any 
mixed I/II mode ratio up to pure mode II can be predicted, in good agreement with 
experimental data. An easier way is to use the experimentally measured delamination 
toughness for both mode I and mode II and fit the values of these parameters to the data. 
The estimated values of these parameters turn out to be in qualitative agreement with 
fracture surface observations. In any case, the effect of the fracture surface discrepancy 
between mode I and mode II is modelled accurately. The model applies to thermoset 
based matrices and predicts initiation only, since no fibre bridging is assumed [23].  
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2.2.2 Interleaving 
 
Having identified the constraining effect of the fibres on the development of large 
plastic deformation zones in toughened resin systems, hindering the full exploitation of 
the matrix toughness, interleaving is the logical development as a technique to improve 
delamination toughness. With rubber toughened resin systems suffering from 
compromised hot-wet performance and tough thermoplastics enduring lower operational 
temperatures and requiring different production technologies, interleaving is a sensible 
alternative [24,28,29].  
 
Interleaving is the insertion of a tough layer of material in between prepreg plies in the 
lay up stage. The material can be an adhesive film or the self-same matrix resin. A 
varying chemistry of the interleaf has been investigated, as well as nylon particle 
interleaving, with particles attributing to the toughness mainly by acting as spacers 
between plies to create the required resin rich regions [24]. The thickness of the inserted 
material is determined by the potential height of the plastic zone of the interleaf 
material. The optimal thickness is considered to be equal to the minimum thickness 
required to allow the full development of this plastic zone (Figure 2-5). Any additional 
increase in thickness does not offer any benefits in delamination resistance; on the 
contrary, a reduction has been observed [28].  
 
The benefits in delamination resistance can be up to a 10-fold increase in GIC and a 7-
fold increase in GIIC [28]. With the appropriate thickness, estimated by application of a 
modified von Mises yield criterion or Irwin’s plastic zone model [24,30,31], the 
toughness of the resin can be transferred fully to the composite. Although such a 
prediction matches the thickness where maximum toughness is observed 
experimentally, the actual maximum plastic zone heights in the composite material 
occur at greater thicknesses than predicted. That indicates that the height of the plastic 
zone alone does not govern fracture resistance [31].   
 
Crack propagation can both be cohesive or interfacial, depending mainly on the loading 
mode [24,29,31].  Mode II or mixed mode delamination seldom is self-similar. As 
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propagation takes place in a thick isotropic layer, cracks tend to re-orient themselves to 
local mode I fracture, irrespective of the type of loading. Thermoplastic interleaves 
usually exhibit interfacial debonding in mode II and some fibre bridging in mode I. 
Thermoset interleaves exhibit microcracking ahead of the crack tip and elongated 
plastic zones in mode II. Delamination under mixed mode is most common. The 
understanding of mixed mode I/II fracture in interleaved composites is important and 
suitable criteria have been investigated for predicting delamination behaviour [24]. The 
elastic decomposition of the total fracture energy into mode I and mode II components 
can be misleading for interleaved composites [24].   
 
 
(a) 
 
(b) 
Figure 2-8: Crack planes of failed specimens. (a) Cohesive crack propagation in mode I [28] 
and (b) interfacial crack propagation in mode II starting from precrack [24]. 
 
The thickness of interleaves required to toughen composites subjected to high mode II 
ratios is greater [28,30,31]. Small increases in interleaf thickness result in rapid 
improvements in delamination resistance. However, optimum thicknesses for mode II 
delamination range between 0.1mm and 0.7mm [28,30], quite large compared to those 
for mode I, ranging from 50µm to 150µm [24,28,31,32]. 
 
Finally, interleaving does not affect crack growth stability; the behaviour of crack 
growth is the same as that of the original matrix resin with the original thickness before 
interleaf insertion.  
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2.3 TTR techniques 
 
In search of methods to arrest an existing crack in laminated composites, TTR 
techniques have been developed. The importance of resistance to crack initiation lies 
with the fact that composites tend to fail catastrophically thereafter, particularly under 
fatigue loading conditions. However, the newer concept of designing components under 
the presumption of pre-existing cracks or flaws and the difficulty of arresting a existing 
crack renders resistance to propagation more significant compared to resistance to 
initiation.  
 
Through-the-thickness reinforcement (TTR) consists of the insertion of some kind of 
fibre reinforcement in the thickness direction of the laminated composite. Stitching (as 
well as Tufting) and Z-Pinning are the current existing methods. TTR bridges 
delaminations and shields their crack tips from the applied load so reducing the crack 
driving force. Crack growth can be rendered stable, which is a critical feature in damage 
tolerant design, ultimate strength can be increased and notch and impact sensitivity 
reduced [33-35]. TTR techniques can contain damage by completely arresting a 
propagating crack. TTR is currently the most promising method of confronting the 
problem of delamination in laminated composites. 
 
2.3.1 Stitching 
 
Stitching involves the insertion of a dry fibre (carbon, kevlar or glass) into the laminate 
and the formation of a loop or an interlocking pattern with another thread (Figure 2-9). 
This requires a two-sided access and therefore special tooling. The manufacturing 
advance most beneficial to stitching has been the introduction of resin transfer 
processes, which allow dry stitched preforms to be infused with resin. This enhances 
process speed and allows stitching through thicker material. It also reduces damage to 
the laminate fibres, considering the fact that a large diameter needle ( 2mm) is 
continuously driven through the laminate with considerable force [18,20,36]. The use of 
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stitching with prepreg materials is limited, as the viscous resin will foul up the needle 
making further insertions difficult.  
 
 
Figure 2-9: Types of stitching used for through-the-thickness reinforcement, after [18]. 
 
Stitching is also used to aid fabrication, by joining dry fibre preforms, allowing them to 
be handled with ease and without damage prior to liquid moulding. Therefore, like the 
use of textiles, it holds potential for process automation. Additionally, it compacts fibre 
preforms closer to the final desired thickness, ensuring high fibre volume fraction. 
Stitching holds considerable promise as a low-cost joining technique and as a 
mechanical fastener replacement. Stitching that attributes satisfactory damage tolerance, 
usually contributes in average around 2% of the total areal weight of the completed 
fabric [18]. 
 
Tufting uses a similar insertion technique to stitching, but it is a one-side access process. 
It still requires special tooling. A needle is used to push the yarn (the reinforcing fibre) 
through the laminate as well as through a form tool described as an ‘elastic foam’. The 
frictional forces, generated in the laminate and the foam, keep the yarn in the laminate, 
while the needle is allowed to withdraw.  
 
Stitching is characterised mainly by the stitch density and type. Other parameters can be 
the linear density of the reinforcing fibre (yarn), the pitch and the row spacing. Yarn 
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thickness is specified either by dernier or yarn number. Dernier is the mass in grams of 
9000 meters of yarn. Yarn number is the length in yards of 1 lb of yarn. Pitch is the 
spacing between insertion points. The stitching pattern is summarised by: (number of 
stitches per inch)   (spacing between rows). For example, 8 1/4 means a density of 32 
stitches per square inch (spsi), with a pitch of 1/8 of an inch and row spacing of ¼ of an 
inch. Most commonly used types are the lock stitch, the modified lock stitch and the 
chain stitch (Figure 2-9). One last parameter is the stitch direction relative to load 
direction. 
 
Stitching improves interlaminar fracture toughness and impact damage tolerance 
dramatically [37-40]. The effects of stitching in composites are extensively reviewed in 
[36,38]. Increase of the crack-opening (mode I) strain energy for initiation and crack 
growth up to 80 times and 15.7 times respectively, have been reported for CFRP 
laminates [38,42]. The shear (mode II) critical strain energy release rate can improve by 
up to a factor of 15 [38]. The translaminar Young’s modulus is also positively affected 
[38]. Significant improvements are reported in post-impact mechanical properties, at a 
wide range of impact speeds, particularly in compression-after-impact (CAI) strength 
[38,43].  
 
It is worth noting that stitching of Glass or Kevlar fibre reinforced plastics (GFRP, 
KFRP) does not provide similar improvements in either mode II loading or in damage 
resistance and tolerance. On the contrary, degradation has been observed in some cases. 
It seems that at high stitch densities degradation in post-impact mechanical properties is 
more likely to occur [38]. 
 
2.3.2 Z-Fiber® pinning 
 
Z-Pinning is the insertion of short rods (pins) orthogonally to the plane of the composite 
plies during the manufacturing process, before the resin matrix is cured, effectively 
pinning the individual layers together. The Z-pins are driven through the uncured 
prepreg in a two stage process, which involves the use of a specialised ultrasonic 
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insertion gun and a sequential removal of the collapsible foam (the ‘preform’), in which 
they are held (Figure 2-10). The foam consists of two different densities, with the high 
density bottom part providing lateral support to the pins during insertion and preventing 
them from buckling, while the lower density upper part collapses under the pressure of 
the gun. Subsequently, the thickness of the lower density foam in the preform is 
required to be slightly bigger than the thickness of the laminate under process. 
 
The most commonly used fibres are pultruded from bismaleimide resin impregnated 
carbon tows (T300/BMI), although a choice of materials is available (glass, quartz, 
boron, silicon carbide, steel, titanium and aluminium). Common Z-pin diameters are 
0.28mm, manufactured by 1k tows (1000 tex, or 1kg per km of fibre bundles) and 
0.5mm made from 3k tows, but diameters from 0.15mm to 1mm are possible. They are 
chamfered to an angle of about 45º at both ends to aid insertion and offer excellent 
adhesion to thermoset resins. After insertion, any excess length of the Z-pins is removed 
easily by shear cutting. The ‘preforms’ are characterised further by the areal density of 
the contained reinforcement, which ranges from 0.5% to 7% [19,44].   
 
 
Figure 2-10: Schematic of the Z-pinning process 
 
Z-pinning was originally intended as a mechanical fastener replacement, attributing at 
the same time improved damage tolerance properties. It currently does so successfully 
for the F/A 18 E/F US Navy aircraft, joining the duct and aft structure to the main 
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fuselage, since June 2000, with excellent weight and cost savings as a consequence. 
This property depicts the capability of Z-pinning to be used locally and selectively 
where an increase in the delamination resistance is required. There is further potential in 
extending the use of Z-pinning to help the integration of more structural components, 
while lowering manufacturing timescales and cost by selectively reinforcing structures. 
 
Previous work shows that the interlaminar fracture toughness is improved by at least an 
order of magnitude, for the crack-opening mode (mode I) [19,20,45], and significantly 
for the shear loading mode (mode II) [19,20,45]. Resistance to impact loading is also 
similarly improved due to a reduction in crack formation (up to 30% decrease of 
damage area), as well as compression after impact (up to 50% increase of compression 
strength) [20,45,46]. 
 
2.3.3 Textile technology 
 
Figure 2-11 illustrates the different forms of textile composites currently available. 
Straightforward quasi-laminar architectures to highly complex 3D configurations are 
possible. The latter contain fibres in the through-thickness direction; they possess 
through thickness properties that TTR techniques attempt to emulate, without adopting 
their complexity. 
 
Apart from their complexity, the main drawback of 3D textiles is the low fibre volume 
fraction and the inconsistency in the mechanical properties, due to in-plane waviness, 
yarn twist and ‘pinching’. Their in-plane stiffness is therefore further compromised for 
sheet applications by 5% to 50% in 3D interlock weaves [56,57]. Tow strength is also 
degraded by about 30%. Only 2D braided and 2D woven fabrics regularly achieve a 
high degree of consistency in maintaining accurate in-plane tow positioning and 
corresponding mechanical properties. The compromised tailoring of the fibre 
orientation, local or global, is also a concern. Finally, despite the improved drapability 
and ease of handling or storage experienced with all textiles, 3D textiles tend to suffer 
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from increased inconsistencies in their mechanical properties when used in complex 
geometries [18].   
 
 
Figure 2-11: Comparison between the main reinforcement fabrics used for composite 
materials, as in [59] 
 
Not all in-plane properties are compromised as compression strength is improved with 
the presence of a certain amount of through-thickness fibres, along with CAI strength 
[57]. An additional advantage is that the manufacture of joints or changes in geometry 
can be integrated in material forming, eliminating the initiation of delamination. 
Resistance to delamination is a major advantage of 3D textiles as the delamination 
toughness is increased by at least an order of magnitude when sufficient through-
thickness fibres are used [58,59]. Moreover, strain to failure and shear strength are 
significantly increased. Finally, they exhibit excellent damage and impact tolerance as 
well as exceptional notch insensitivity, for notch lengths up to 100mm [18,57]. 
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2.3.4 Failure mechanisms of composite laminates with TTR 
 
A combination of failure mechanisms are associated with the delamination of stitched 
laminates under mode I loading conditions. The closed loops formed by the stitching 
yarns harnessing the laminate enable the reinforcement to work efficiently after initial 
debonding from the laminate. Debonding dissipates only a small amount of energy. The 
main failure mechanisms consist of tensile breaking of the yarns [34], which absorbs a 
significant amount of energy as well as friction between the failed yarn and the 
laminate, absorbing additional energy. The major contribution to the improvement of 
the delamination toughness transpires from the elastic stretching of the loops [39,42]. 
Tensile breaking takes place at the thread intersection at the outer surface of the 
composite. A 50% reduction in delamination toughness has been observed by 
machining off the loops [39]. The importance of the elastic stretching of the loops is 
also significant in mode II, where high pre-tension of the reinforcement (and therefore 
smaller margin for elastic stretching) results in lower delamination toughness plateau 
values [60]. An alternative energy absorbing mechanism in mode II loading, where the 
reinforcing yarns do not always fail in tension, is ‘ploughing’ [41]; the crack propagates 
around the reinforcing yarns and the yarns crush the surrounding resin dissipating 
energy. The flexible nature of the reinforcement allows tensile loading of the yarns to 
take place in both mode I and mode II loading modes. 
 
Debonding and frictional pullout are also associated with the failure of Z-pinned 
laminates under mode I loading conditions. A significant alteration of the failure 
behaviour noted is the ‘stick-slip’ crack growth of both stitched and Z-pinned laminates, 
where the crack seems to grow rapidly (slip) between each row of reinforcing ligaments, 
before it temporarily rests (stick) and the load is increased enough to generate additional 
energy for the next sudden jump. This locally unstable type of growth renders 
propagation very stable macroscopically inside the reinforced area [20,39,40,47,48,61]. 
 
The density of the reinforcement and the length of the reinforced area also affect 
delamination behaviour. High density reinforcement can result in the complete arrest of 
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a propagating crack and introduce excessive bending under both mode I and mode II 
loading conditions. This results in bending failure (the outer plies fail in compression) 
[37]. Additional reinforcing layers of material need to be bonded to encourage crack 
propagation; however this affects the length of the bridging zone [39,63]. If the crack 
can propagate through the reinforced area and the length of the reinforced area is 
sufficient, steady state crack propagation can be reached. The bridging zone is fully 
developed and the shape of the R-curve becomes flat; the number of ligaments bridging 
the propagating crack stays constant [39,60]. 
 
 
2.4 Fibre architecture effect 
 
Fibres have a significant effect on delamination: they regulate the direction of crack 
propagation. After the initiation of a crack due to an out of plane load, as described in 
the introduction, the crack will tend to propagate in the direction that requires the least 
amount of energy which is the direction of the adjacent fibres. Impacted panels, in 
which delamination has occurred, are a clear example. Evidently, the weakest interface 
would then be a ‘0 /0 ’ interface, i.e. when the fibres of the plies that contain the 
delamination are aligned in the same direction. This occurrence in laminate lay-ups is 
quite common and therefore is the most interesting situation to study. Delamination 
protocols instruct the manufacture of specimens with fibres in the same direction 
(unidirectional, or UD for short), which is also the direction of crack propagation. Crack 
propagation in such a specimen is self-similar.  
 
Crack propagation in angle-ply laminates has also been studied [20,49-51]. There are 
two different angles that need to be defined in such a laminate. One is the angle of crack 
propagation direction relative to the fibre angle of the midplane of the specimen, where 
the starter defect exists, and the second is the angle between the fibres above and below 
the crack plane. Delamination resistance is increased with the increase of either angle. 
More importantly, fibre angles greater than 22.5  in CFRP laminates result in intraply 
cracking and deviation of the crack plane from the initial interface [49].  
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Laminates fabricated by UD material or non-crimp fabrics (NCF), depending on the 
liquid moulding technique, can have flat ‘0 /0 ’ interfaces. On the other hand, laminates 
made from woven material have a much more complex interface. The most common 
arrangement of fibres in one ply of a woven material is 0 /90 , and there is also a 
certain amount of undulations, or simply waviness in the fibres, depending on the 
periodicity of the weave. This creates interfaces that include all four combinations of the 
two directions of the fibres, in a random ratio to each other (Figure 2-12 a & b). If the 
weave is balanced (equal amount of 0  and 90  fibres), the frequency of appearance of 
these combinations would tend to equalize between them, but the capacity to arrest an 
existing crack will depend on the local geometry. The varying interface and the 
subsequently varying delamination toughness are therefore quite important. Due to the 
waviness of the fibres, resin rich regions develop, with varying sizes, because of the 
random relative positioning of the plies to each other, but with the regularity of the 
weave pattern.   
 
(a)  (b)  
(c)  
Figure 2-12: Different interfaces between plies of a plain weave material, depending on 
stacking sequence(a-b) and crack propagation mechanisms in woven composites under mode II 
loading conditions (c), after [18]. 
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The regularity and self-similarity of the crack propagation is questionable. The crack 
propagation of a cross-ply laminate manufactured from UD material is very similar 
qualitatively to that of the woven material, introducing both crack plane variation or 
multiple plane cracking and intralaminar failure (Figure 2-12 c). 
 
This kind of failure of mixed interlaminar and intralaminar cracking in non-UD 
materials is unavoidable. Additional energy is dissipated occasionally by fibre kinking 
and breakage and the development of secondary cracks. This occurrence is more 
pronounced in mode II, making crack propagation measurement with visual methods 
challenging, but most importantly, introducing great variations of measured 
delamination toughness in both modes of fracture [18,52,53]. 
 
 
2.5 In-plane effects 
 
Techniques related to enhancing delamination toughness have an effect on in-plane 
properties. Most of the applications using laminated composites are sized by in-plane 
properties. The demands of load bearing can also be contradictory, like high stiffness 
combined with increased damage tolerance (aircraft structures), or increased capability 
of energy absorption (automotive applications). Apparently, providing that degradation 
of the properties due to delamination cracking can be restrained, the effect of these 
techniques themselves on in-plane properties has to be considered. 
 
2.5.1 Effect on mechanical properties 
 
In-plane properties seem to be compromised more, the more the toughening technique 
deviates from the original lamination process of laminated composites. Toughened 
resin systems have a minimal effect on in-plane properties. Interleaving has a bigger 
effect, namely lowering the fibre volume fraction, or equivalently adding weight. The 
increase in weight can be notable for interleaf thicknesses of 0.1mm to 0.7mm, the 
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range of optimal thicknesses mentioned previously. A representative drop in flexural 
modulus for such an optimised example, where interleaf thickness is 0.2mm, is 10% 
[24]. 
 
Stitching imposes fibre breakage, fibre misalignment, in-plane as well as in the 
thickness direction, and the creation of resin-rich regions, where porosity and 
microcracking of the matrix occurs, due in part to differences in the coefficients of 
thermal expansion between the reinforcing thread and the composite. All forms of 
damage have contradictory effects on in-plane properties, depending on many variables. 
These can either be the stitching variables, such as stitch geometry, type, direction, size 
and tension, the diameter and shape of the needle, or the type of composite and the lay-
up orientation as well as the processing technique. 
 
Distortions caused by stitching to the physical properties of the laminate are depicted in 
Figure 2-13. Fibre breakage is more pronounced in stitched prepregs, due to the 
increased difficulty of pushing the fibres aside during insertion, although the frictional 
stresses between the reinforcing yarn and the laminate fibres during insertion can also 
contribute to breakage, mostly in fabric preforms. Fibre damage can be from 0.5% to 
5% [38,54]; however, average values are close or equal to 0.5% [36]. Fibre 
misalignment increases with increasing yarn tension during insertion, due to the 
increased friction stresses involved. It is weakly affected by the stitch diameter and is 
decreased when in-plane fibres are compacted densely before stitching. Fibre 
misalignment is more pronounced on the outer surfaces of the laminate, where fibres 
crimp in the thickness direction, due to the stitch loop. Fibre misalignment can range 
from 2.5  to 20 , with the average value being 10  [36]. Apart from its role in 
increasing the volume fraction, yarn tension is necessary during insertion to avoid 
crimping of the stitching yarns, after further compaction of the fabric preform during the 
liquid moulding process. The locations of resin-rich regions are also depicted on Figure 
2-13. From the material aspect, better mechanical properties have resulted from using 
stitched preform followed by the liquid moulding processes than the autoclave cure of 
stitched prepregs [37]. There is also a relation between fibre architecture with the degree 
of fibre misalignment. Misalignment is constrained in smaller areas in woven preforms 
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( 1mm [36]) compared to non-crimp fabrics, as the fibres in woven preforms are not 
allowed to spread as easily. Unidirectional fabrics can have large areas of misalignment, 
but can also contain misalignment in a smaller degree, as the fibres are allowed to 
spread enough for the resin pockets to extend from one stitch to the next [36]. 
 
 (a)  (c)  
(b)  (d)  
X1 : in-plane direction along stitch rows, X2 : other in-plane direction and X3 : out-of-plane 
(through-thickness) direction 
Figure 2-13: Schematic of distortions caused by stitching, after [36]. a) Out-of-plane fibre 
misalignment at laminate surface, b) in-plane fibre misalignment around stitch, c )through-
.thickness crimping and d) resin pocket formation between stitch strands. 
 
Important information on stitching can be found in detailed reviews in [38, 36]. These 
reports show that tensile stiffness is degraded by 15% in average [36]. Rarely does it 
exceed 20%, but a decrease of 30% has been measured, as well as a relative 
improvement [38]. Observed improvements reflect an increase in volume fraction 
compared to the initial laminate, due to the compaction of laminate fibres by stitching. 
The degradation can be attributed either to decreased volume fraction, fibre breakage or 
fibre misalignment, which is the dominant parameter. A crude estimate, using equations 
(2-3) to (2-5), as described in reference [36], gives good agreement with experimental 
data for the claimed average fibre misalignment value of 10 . E(φ) is the modulus in the 
loading direction, with fibres misaligned by an angle φ, E1 is the tensile modulus, E2 is 
the transverse modulus, G12 is the shear modulus (assumed to be unaffected by 
stitching) and v12 is the axial Poisson’s ratio. The misaligned fibre volume of the 
laminate around the stitches is V0, with f being the misaligned fibre volume fraction, ηs 
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being the areal stitch density and h the laminate half-thickness. Equation (2-4) gives the 
knockdown factor, where ES is the modulus of the stitched laminate. 
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The tensile modulus can be degraded up to 45%, but the average reduction is 15-20%. 
Observed improvements are again a result of increased volume fraction. Limited 
experiments show that notched tensile strength (open-hole tension) is also degraded 
[36]. 
 
Compression strength can be slightly increased, when the stitching rows are aligned 
parallel to the loading, or by biaxially stitching in both directions [38]. However, in 
most cases compression strength is significantly degraded, from 5% to 55% [38], with 
an average reduction of 15% [36].  
 
On the other hand, notched compressive strength (open-hole compression) is clearly 
improved, in average by  30% [36]. The effect of stitching to the compressive modulus 
is unclear, since both slight improvements, as well as great reductions (up to 70%) have 
been observed. Equally unclear is the effect on strain to failure [38]. 
 
Flexural strength seems to be improved by a factor between 1.2 and 1.75 [36]. 
Reductions are also observed, rarely exceeding 20%, similarly to tension and 
compression strengths. Flexural behaviour of stitched laminates depends on the 
competition between suppressed delamination and therefore improved behaviour on the 
compressive side and inflicted fibre breakage on the tension side. Strain to failure in 
CFRP laminates is increased [38].  
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Creep properties are not affected in general and can be improved in cases. Fatigue life 
in compression-compression loading is degraded, mainly because of the initial 
knockdown on compressive strength. Fatigue life of GFRP is also decreased, mostly 
because the stitches detach early from the composite [55].  
 
Effects of stitching on the in-plane shear modulus and strength have not been 
investigated, in contrast with interlaminar shear strength (not an in-plane property). 
 
The effects of Z-pinning on the in-plane properties of composite materials have barely 
been investigated. Initial reports suggest a severe drop up to 40% in the compressive 
strength of unnotched UD material, while in more balanced stacking sequences (quasi-
isotropic) or with the presence of a notch (Open-Hole) z-pinning has negligible effects 
(5% drop to 2% rise) [64]. A recent study has further examined the effect on 
compressive strength [65]. A degradation of approximately 33% was found, 
complementing the finite element analysis performed in the same study.  
 
2.5.2 Mechanisms of in-plane failure  
 
The dominant reason for the reduction in tensile strength in stitched laminates is fibre 
breakage. Despite the small total amount of broken fibres, these flaws are contained in 
clusters around the stitches and have a significant effect [36]. The principal tensile 
failure mode has changed from delamination cracking and fibre fracture to tensile 
failure along the stitchline [36]. 
 
Similarly to tension, compressive failure is not determined by some collective action of 
the stitches, but a local distortion. This is indicated by the insensitivity to stitch density 
[36] or to the type of yarn [54]. The dominant parameter, in this case however, is fibre 
misalignment. Unreinforced laminates fail by delamination cracking between plies, 
initiating by Euler buckling. Stitching changes the failure mechanism to kink band 
formation, initiating at the surface, where the out-of-plane misalignment is most 
pronounced (Figure 2-13). Fibre collapse, a third compressive failure mechanism, 
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requires minimal fibre misalignment (0.8 -2.3  [36]) and is not encountered in stitched 
composites. Analytical models exist, predicting the minimum stitch density required to 
suppress delamination initiating by buckling under compression loading. The critical 
fibre kinking stress in relation to the degree of fibre misalignment can also be estimated, 
subjected to a correction regarding the local ellipsoidal geometry around the stitches, 
with approximate agreement to experimental data [36]. A failure map for stitched 
laminates under compressive loads can subsequently be drawn (Figure 2-14). The 
importance of the out-of-pane fibre misalignment at the surface is demonstrated in [54]. 
An increase of 7% to 35% in strength compares to the original stitched laminates has 
been observed, by machining away the surfaces and therefore removing the stitching 
loops. The performance of the ‘machined’ laminates simulates the performance of a 
tufted laminate, having a ‘discontinuous’ arrangement of reinforcing fibres. The surface 
loop has no positive influence on CAI strength and no influence on damage containment 
[54]. 
 
 
Figure 2-14: A failure map for stitched laminates under compressive loading, after [36] 
 
Kink band formation remains the dominant mechanism responsible for the degradation 
of notched compressive strength, but in the presence of a hole, this kind of failure 
exhibits stable damage propagation, since the stress concentration falls with distance 
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from the hole. In unstitched laminates, kink initiation is followed by delamination, pre-
empting stable damage growth of a kink band across the specimen, which would occur 
at a higher stress than delamination growth. Furthermore, the effect of stitching on the 
elastic constants, creates a softening effect at the notch, decreasing the stress 
concentration factor K [36]. 
 
The most noticeable failure mode change occurs in flexure, where delamination growth 
is arrested and tensile failure occurs instead [38]. On the other hand, no change in 
failure mode occurs in fatigue in compression-compression, as the mechanism of 
progressive fibre kinking is not affected by stitching; the slope of the S-N curves remain 
essentially unchanged.  Fatigue strength in compression-compression loading is 
unlikely to be knocked down more than 20% and is probably independent of stitch 
density [36]. Limited data on fatigue in tension indicates a degraded fatigue life, 
probably due to a change in the failure mechanism to failure at the stitches. 
Additionally, fibre misalignment can produce axial shear stresses, causing resin 
damage, leading to fibre failure, due to wear against resin fragments [36].  
 
Kink band formation is also the dominant mechanism responsible for the degradation of 
compressive strength in Z-pinned laminates. The in-plane misalignment responsible for 
the knockdown was evaluated at 9 , however the insertion of Z-pins in a different 
material, namely T300/914 carbon/epoxy prepreg, similar to this study, has resulted in 
smaller misalignment angles [65]. 
 
 
2.6 Modelling Work 
 
A considerable amount of work has been carried out on both the numerical and 
analytical modelling of delamination failure with TTR. Since this is not the first time 
existing methods have been reviewed [20,66,67], a brief account will be given and the 
reader is encouraged to look in the references for the detailed derivation of the models 
mentioned.  
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2.6.1 Analytical modelling 
 
Analytical micromechanical models for calculating the interlaminar fracture toughness 
as well as the crack growth resistance curves for stitched laminates loaded in both mode 
I and mode II loading conditions have been developed [39,40]. The mode I model best 
describing experimental observations [67] is the combination of two separate models 
[39]; the one referred to as the “discontinuous stitching model” assumes no 
interdependence between stitches and frictional pullout as the energy absorption 
mechanism, while the second, referred to as the “continuous stitching model”, includes 
elastic stretching of the stitches and rupture at the delamination plane [62]. As rupture 
usually occurs at the outer surface of the composite, the combination of the two models 
contains the contribution of all mechanisms. The mode II model assumes elastic 
stretching of the stitches and rupture at the crack plane [60]. Good agreement with 
experimental data is found for both modes of failure. Detailed knowledge about the 
physical and interlaminar fracture properties of the unstitched laminate, the stitching 
conditions and the mechanical properties of the stitch material is required [67]. A 
separate simple analytical model simulates the load-deflection curves of stitched DCB 
beams [42] and is verified by FE simulations. The linear elastic model used to describe 
the stitch yarn is the source of disagreement with experimental data incorporating 
Kevlar stitches. Application of the model is simple and accurate for other stitch 
materials. 
 
The behaviour of curved structures with TTR has also been modelled [68,61]. Both 
stitching and short rod reinforcement (effectively Z-pinning) are considered. 
Conservative design rules are derived and the appropriate density of the reinforcement 
can be calculated. The model uses concepts for bridged mode II delamination cracks 
extensively discussed in [69,70]. These models consider that crack growth can be 
described by two separate mechanisms; the intrinsic toughness of the material and the 
bridging tractions provided by the reinforcement. The bridging law, describing the 
bridging traction of the reinforcement, can be derived from the load and sliding 
displacements measured during an ENF test of a reinforced specimen, using the inverse 
formulation of the model. The forward formulation calculates the delamination fracture 
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toughness for a given bridging law. Two limiting cases are defined; a steady-state 
configuration indicative of non-catastrophic failure, where a crack is bridged by intact 
ligaments and a small scale bridging configuration indicative of catastrophic failure. 
Two corresponding length scales are determined; the ACK limit, where the critical 
shear stress for crack propagation has reached a constant value, independent of crack 
length and the small scale bridging limit, where the length of the bridging zone has 
reached a constant value [70]. Despite the fact that these models successfully overcome 
the inadequacy of LEFM to describe delamination in the presence of absorbing 
mechanisms other than crack growth, the application to a single delamination test to 
obtain either the bridging law or the delamination resistance requires considerable 
calculation effort. 
 
Analytical modelling of mixed mode delamination of laminates with TTR has been 
examined in [71] and has been applied to sub-structural components [72]. Modelling of 
mode I delamination of a reinforced DCB beam under pure bending loading is 
investigated in [73]. A different approach consists of generating a representative 
bridging traction law by modelling a single discrete bridging entity (tow, stitch or Z-pin) 
under mixed mode loading [34]. The model includes mechanisms such as pullout, axial 
and shear loading of the ligament as well as lateral deflection of the ligament through 
the resin (‘ploughing’) through the resin. Despite the considerable calculation effort 
involved, the bridging law acquisition aims in optimising design of composites with 
TTR. An extension of the same study includes ‘snubbing’ effects introduced during the 
pullout of the ligament under mixed mode loading; the ploughing of the ligament 
introduces enhanced friction forces and their effect on the pullout behaviour is 
accounted for [74].  
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2.6.2 Numerical modelling 
 
FE modelling provides a different approach in overcoming the existing deficiencies of 
existing data reduction methods for the evaluation of the effects of TTR on composite 
laminates. Initial models [75,76] have investigated the micromechanics of a Z-pin in a 
composite plate. The model described in [20,77] presents a numerical tool for 
parametric studies of Z-pinning in the delamination of composites under mode I 
loading. Experimental data are implemented in order to construct appropriate bridging 
laws for a single Z-pin. The effects of Z-pin density, Z-pin angle, Z-pin insertion depth 
as well as pinning quality deficiencies can be studied and the delamination toughness 
can be predicted. A different study investigates the effects of various bridging laws as 
well as the effects of Z-pin properties on delamination behaviour under mode I loading 
[78,79]. An ongoing numerical investigation examines the effect of Z-pinning on 
delamination behaviour in detail, using 3D finite element modelling [80]. 
 
 
2.7 Summary 
 
The techniques required to enhance delamination resistance significantly, involve the 
introduction of some kind of fibres to carry the out-of-plane loads that drive 
delamination in laminated composites. The effectiveness of these techniques increases 
proportional to their complexity. Arguably, 3D fibre architectures provide the greatest 
delamination resistance. The significance of high grade and consistent in-plane 
properties, however, does not favour complex fibre geometries. TTR techniques offer 
the best compromise and facilitate the use of typical and well developed manufacturing 
processes, as they introduce few changes in the manufacturing procedure. They also 
enable the containment of existing cracks, in contrast to matrix based techniques. 
 
Inevitably, the in-plane properties are affected depending on the amount of the 
reinforcement used. A wealth of information exists concerning the effect of stitching 
parameters on the in-plane properties of laminated composites. In contrast, little 
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information is available to the effect of Z-pinning on in-plane properties. The two 
techniques are complementary, as they are best suited to different types of materials; in 
particular, Z-pinning is best suited for use with prepregs, while stitching is best suited 
for use in dry fibre preforms.  Considering the impact of stitching on in-plane properties 
and the similarity of the two techniques in principle, there is scope for research on the 
effects of Z-pinning under both static and dynamic loading.  
 
Z-pinning is still a relatively new technique and the manufacturing procedure is not 
optimised relative to the requirements of different materials regarding laminate quality. 
The influence of the parameters of stitching on laminate quality and subsequent 
properties has been reported in the current chapter; little or no information is available 
on the effects of Z-pinning on laminate quality. 
 
The identification of the failure mechanisms involved in the delamination of stitched 
laminates has facilitated analytical as well as numerical modelling of delamination 
failure. Mechanisms related to mode II delamination failure are more complex than in 
mode I and the applicability of analytical models in the mode II case requires the use of 
estimated laminate properties (such as the resistance of the resin against crushing) or the 
simplification of the failure type (such as the assumption of rupture of the stitches at the 
fracture plane). The type of failure of the Z-pins under mode II loading conditions, as 
well as the influence of material type on the type of failure has not been yet addressed. 
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3 Description of materials and manufacturing procedure 
 
The procedure of manufacturing with Z-pins has recently become better known through 
publications [19], and has been described in section 2.3.2. This chapter includes 
additional suggestions and techniques regarding the insertion procedure and new 
information concerning the use of Z-pins in woven carbon prepregs. Factors associated 
with Z-pining are categorised into insertion parameters and Z-pin parameters. A further 
understanding of the effect of these parameters on the quality of Z-pinned laminates is 
attempted, using both measurements and observations. 
 
 
3.1 Materials 
3.1.1 Prepregs 
 
The materials used in this study can be categorised into two main categories: 
unidirectional (UD) prepregs and woven prepregs. All materials were supplied by 
Hexcel Composites Ltd, Duxford, UK. The names of the different materials, as well as 
the category they fall into, are presented in Table 3.1. 
 
Material Prepreg type Fibre type Nominal cured ply thickness (µm) 
E-glass/914 UD Glass 125 
T300/914 UD Carbon 125 
IMS/924 UD Carbon 125 
IM7/M21 UD Carbon 125 
G986/M21 Woven Carbon 275 
G986/M36 Woven Carbon 275 
Table 3-1: Materials used: Type and nominal cured thickness per ply 
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The two woven materials in Table 3.1 were of the exact same fibre architecture, a 2 2 
twill weave of 6K tows. Only the impregnated resin differs between them. Information 
about the properties and the microstructure of these two resins (M21 and M36) are 
presented in paragraph 4.2. The nominal cured thickness of the woven materials differs 
from that of the UD materials and is also presented in Table 3.1. The UD glass fibre 
prepreg in Table 3.1 was used as tabbing material. The choice of materials was either 
determined by the research programme under which the current study was funded 
(MERCURYM), or to enable comparison of measurements with older data. 
 
All prepregs were received in the form of rolls and were kept sealed in a deep freeze. 
The materials were allowed to defrost for a period of at least 8 hours in their sealed bags 
before use, in order to avoid moisture pick up. Then they were cut and laid up by hand. 
UD prepregs were debulked every four plies at 60  C under vacuum for 30 min. Woven 
prepregs were compacted using a hot press. This compaction procedure and the reasons 
for its application are further described in section 3.4.1. The woven material used for the 
T-joint coupons described in chapter 8, was not consolidated using this technique, as 
coupon geometry excluded the use of the hot press. The typical debulking procedure 
was therefore used instead. The Z-pinning process follows afterwards. For the 
manufacture of testing coupons containing Z-pins in only part of their thickness, the 
required number of plies was then laid up on the outside of the already Z-pinned 
laminate. These “partially” Z-pinned laminates will be dealt with in detail in paragraph 
3.4.1.  The nominal thickness of the laminates produced ranges from 1.5mm or 12 plies 
of UD material to 6.6mm or 24 plies of woven material. 
 
Material Pressure 
(bar) 
Temperature 
( C) 
Duration 
(min) 
Rate 
( C/min) 
Post – cure 
(hours) 
E-glass/914 7 180 120 2 4 
T300/914 7 180 120 2 4 
IMS/924 7 180 120 2 2 
IM7/M21 7 180 120 2 --- 
G986/M21 7 180 120 2 --- 
G986/M36 7 180 120 2 --- 
Table 3-2: Cure cycles of materials used in this study 
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After Z-pinning, the laminates were cured according to the manufacturer’s 
recommendations. The curing cycles are described in Table 3.2. All cured laminates 
were inspected using C-Scan. The additional usefulness of the C-Scan procedure when 
inspecting Z-pinned laminates is portrayed in paragraph 3.4.1. 
 
3.1.2 Z-Fibre  
 
The Z-pins used were pultruded T300/BMI carbon rods of two diameters, namely 
0.28mm and 0.5mm, supplied in preforms with an areal density ranging between 0.5%, 
1%, 2% and 4%. The areal density is defined by the percentage of the total preform or 
resulting laminate area covered by Z-pins. The length of the Z-pins used was enough to 
pin the required thickness each time. All Z-pin preforms were supplied by Aztex Inc 
[44]. 
 
(a)  (b)  
(c)  
 
(d) 
Figure 3-1: (a) Z-pin preform consisting of foam of two different densities, (b)Z-pin preforms of 
various areal Z-pin densities, consisting of medium and low density foam, (c) low density foam 
crushing during insertion, (d) Z-pin 45  edge chamfer 
 
The preforms used consist of Rohacell foam of two different densities (Figure 3-1(a)). 
The collapsible low density foam located at the top, the medium density foam at the 
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bottom and the 45  chamfered edge of the Z-pins, as described in section 2.3.2, are 
depicted in Figure 3-1(a-d). 
 
 
3.2 Z-pinning procedure 
   
The different parameters associated with the Z-pinning procedure can be classified into 
two main categories. First, there are the parameters related to the Z-pin insertion in the 
laminate, which will be referred to as “insertion parameters”. These are the pressure, 
the speed and the depth. An additional parameter is also the angle of insertion; however 
in this study the angle of insertion was always orthogonal. Any angle of the Z-pins 
appearing in the finished laminate is a result of the existing parameters and will be dealt 
with in detail in sections 3.2.2 and 3.4.1. Secondly, parameters related to the Z-pin 
preform used will be referred to as “Z-pin parameters”. These are the Z-pin areal 
density, the Z-pin diameter, and the post insertion Z-pin angle. 
 
3.2.1 Insertion apparatus 
 
The Ultrasonically Assisted Z-Fibre  
insertion method (UAZ ), as 
developed by Aztex Inc., was used 
throughout this study. It essentially 
consists of an ultrasonic gun that 
“hammers” the Z-pins into the 
laminate with a 20kHz frequency and 
a maximum amplitude of 20µm at full 
output. The ultrasonic gun assembly 
can be either accommodated in a 
hand-held unit (Figure 3-2), or in a 
bigger fixture called ‘gantry’ (Figure 
 
Figure 3-2: Hand-held UAZ  gun and generator 
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3-3). The insertion parameters are affected by human intervention in the case of the 
hand-held unit, while, in the case of the gantry, they can be set and controlled 
mechanically. The gantry is also better suited to ensure the orthogonal insertion of the 
Z-pins, as well as increase the rate of manufacture. The advantages of using the hand-
held unit lie in the ability to access and pin highly curved structures. A good example is 
the roll-over hoop of a Jaguar F1 car, as published in Racecar Engineering ([81], Figure 
3-4). With access enabled from the outside by removing the outer part of the mould, the 
insertion was straightforward. Narrow strips of Z-pin preform were cut and placed on 
the outside curvature of the part. The preforms were slightly offset to each other, in 
order to avoid the intersection of the insertion paths of the Z-pins due to the curvature. 
 
 
Figure 3-3: Gantry UAZ  unit used in this study 
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Figure 3-4: Z-pinned roll hoop of a Jaguar F1 car. Component carries test damage; Z-pin 
preform placed to demonstrate the arrangement used to insert Z-pins before cure. 
 
3.2.2 Manufacturing issues 
 
Throughout this study the gantry was used to pin most laminates. The manufacture of 
the T-joint coupons was the only case where the hand-held unit was used instead, due to 
the height of the T-joint mould, which excluded the use of the gantry. A very significant 
improvement when using the gantry instead of the hand-held unit is the accurate and 
reproducible depth of insertion. The criterion for the end of insertion when using the 
hand-held unit is either the appearance of Z-pin marks on the back surface of the 
laminate or when the edges of the Z-pins are crushed against the back plate. This 
method encourages the insertion of a Z-pin length that is greater than the thickness of 
the laminate, especially if the Z-pin density is high. When inserting a certain percentage 
of Z-pin material into the laminate material, the resulting laminate has to occupy more 
volume. Insertion tends to make the laminate “swell” in the thickness direction. This is 
more pronounced in a laminate with tightly packed fibres like a UD laminate, where 
little space for additional material is available in the first place. Since the laminate 
thickness after insertion is greater than the laminate thickness before insertion, and the 
inserted Z-pin is visible on the back face of the laminate, the inserted Z-pin length will 
be greater than the laminate thickness before insertion. In order to insert the appropriate 
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length of Z-pins into the laminate, the insertion depth can be adjusted when using the 
gantry not to surpass a required value. The depth (which is effectively equal to the 
length of the inserted Z-pins) can be measured accurately (±0.01mm) with a gauge 
mounted on the travelling part of the head of the gantry.  
 
Before insertion, a film of Teflon coated glass fabric is placed between the laminate and 
the Z-pin preform. This film prevents the Z-pins from moving and protects the laminate 
from any damage, during the cutting phase. This means that the inserted Z-pin length is 
as much as the laminate thickness as well as the thickness of the Teflon film (0.15mm). 
If the backing paper is left on the back face of the laminate to assist noticing the ends of 
the Z-pins, when using the hand-held unit (since both the Z-pin and the laminate are 
black) then the inserted Z-pin length will be additionally longer, as much as the 
thickness of the backing paper. Thus, the possibility of inserting a Z-pin of greater 
length than needed is high; however, this can be controlled when using the gantry. The 
problems associated with the insertion of an excessive Z-pin length are dealt with in 
paragraph 3.4.1 
 
The laminate and the preform have to be held firmly during insertion. Any movement 
during insertion will cause misalignment of the Z-pins. When Z-pinning a woven 
material, the emerging angle will remain constant throughout insertion, due to the 
restraining effect of the laminate fibres. In a UD material there is a greater possibility 
that this angle will appear in a plane perpendicular to the laminate fibres. If this 
happens, the angle will increase as insertion progresses.  
 
Insertion using the gantry begins by setting the speed and pressure of insertion. This is 
preferably done with an insertion test at a sacrificial edge of the laminate and a small 
piece of Z-pin preform. Although an experienced operator can avoid this step, one 
would still decide on setting the insertion parameters using a trial and error method. The 
next set of suggestions can help maintain a high quality Z-pinning procedure. High 
insertion speed can buckle the Z-pins. Low insertion speed allows long times of 
insertion and thus too much heat generation, which can make the foam lose its integrity 
and lead to Z-pin buckling. Not enough pressure will not insert the Z-pins. Too much 
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pressure will crush and split the edge of the Z-pins and terminate insertion. The time 
spent inserting every block of Z-pins should not exceed 4 or 5 seconds, otherwise the 
excessive heat generated can lead to foam melting and Z-pin buckling, Z-pin crushing, 
or the initiation of local cure of the laminate. The latter would make the laminate harder 
and would dramatically increase the friction between the laminate and the Z-pin, 
terminating insertion. On the other hand, if no set of parameters seems to lead into 
effortless insertion, moderate local heating of the laminate is recommended, up to a 
temperature that will not initiate the curing of the laminate when maintained for the 
duration of insertion. For the high temperature materials used in this study, a 
temperature of 60  C was the maximum required. The use of a thick metal plate 
underneath can delay heat dissipation and prolong the effective insertion time. 
However, a layer of an electrically insulating material should always be placed between 
the laminate and any metallic components, to prolong the life time of the ultrasonic 
generator. If contact is made between the Z-pin and any metallic part during insertion, 
when using close to full amplitude (which is advisable for effortless insertion), there is a 
danger of burning the power supply of the generator. 
 
The second phase of insertion consists of determining the depth. The thickness of the 
laminate as well as the preform height (equal to the length of the Z-pins in the perform) 
are measured. The subtraction of the two values gives the lowest point the ultrasonic 
gun should reach. The gun is then set to this maximum depth with the use of a set of 
callipers. The depth gauge of the gantry is set to zero at this point. Insertion will be 
complete every time the gauge reaches zero again. For any change of preform height 
(perform height is custom and depends on the batch of material requested) or laminate 
thickness, the procedure of setting the maximum depth should be repeated. If the 
insertion depth required is less than the laminate thickness, this should be considered in 
the depth setup.  
 
The thickness of the laminate can prove to be a limiting factor relative to what diameter 
Z-pins can be used. With an increasing laminate thickness a longer Z-pin preform is 
necessary, as well as a greater amount of pressure. This means that the possibility for 
buckling of the Z-pins increases. For 0.5mm diameter Z-pins, thicknesses up to 18mm 
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of woven prepreg and 25mm of UD prepreg have been Z-pinned. For 0.28mm diameter 
Z-pins a thickness of 6mm for a UD prepreg and 7mm for a woven prepreg have been 
Z-pinned. Experience indicates that a carbon Z-pin with a diameter of 0.28mm could 
prove inapplicable for laminates with a thickness of more than 10-12mm. 
 
The Z-pin preforms used in this study were not all of the same height for different 
combinations of density and Z-pin diameter. The positioning of the same amount of Z-
pins every time under the head of the ultrasonic gun was not always possible. A 
different number of materials was used and laminates of a variety of thicknesses were 
manufactured. The area of the coupons that were covered with Z-pins was quite small 
for most of them, so the amount of Z-pinning that has taken place is limited. Taking all 
that into account, it was not possible to produce a database of ideal set of parameters, 
namely pressure and speed, for each combination of material, preform and thickness. Z-
pinning currently remains a procedure based on operator experience. However, the 
required experience is easily gained when following the aforementioned instructions 
and achieving satisfactory Z-pinning quality is a matter of a few hours. The use of a 
robotic insertion head, using preforms of fixed dimensions, as developed by Aztex Inc., 
would be a step to the direction of developing such a database. 
 
Cutting the excessive Z-pin length afterwards is best done after freezing the laminate for 
5 to 10 minutes. A sharp cutting tool and the application of pressure on the Teflon film 
over the laminate, to avoid relative movement of the Z-pins to the laminate, prevents 
any appearance of an angle. This is important for a UD laminate, particularly a thin one. 
The Z-pins can still move in the plane of the laminate fibre direction, when forced by a 
blunt cutting tool. 
 
 
3.3 Tabbing  
 
Tensile testing of composite laminates requires the incorporation of tabs. For the 
manufacture of tabs, glass/epoxy (E-glass/914) UD material, as described in tables 3.1 
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and 3.2, was used. All tabs were “square-ended”, since they give better results [82]. The 
lay-up of the glass tabs was symmetric, ±45 , to diffuse the gripping loads. The tabs 
were abraded with sandpaper, as well as the specimens, and wiped with a solvent; 
Redux 420 adhesive was used for bonding to the coupons. Bonding requires a 
temperature of 120  for 1 hour and the application of pressure. This helps to keep the 
adhesive layer to a minimum and prevent air entrapment. In order to retain the 
positioning of the tabs on the coupons throughout the duration of the procedure, 
coupons were placed in-between metallic plates in “pockets” of adhesive strips of cork 
(Figure 3-5). Release film between the coupons and their surroundings was used to keep 
the adhesive from spreading. A pressure of at least 5 bars was applied with the aid of a 
hot press, with heated top and bottom plates.  
 
 
Figure 3-5: Bonding tabs on tensile coupons; adhesive cork confines tabs into place 
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3.4 Quality inspection 
3.4.1 Effect of insertion depth 
 
The importance of the insertion depth becomes apparent after cure. During cure the 
thickness of the laminate will decrease. This will be minimal for a tightly packed, 
thoroughly debulked laminate, but significant otherwise. Figure 3-6 illustrates how an 
excessive Z-pin insertion depth can lead into the appearance of a Z-pin angle after cure. 
Since the length of the Z-pins cannot decrease, the Z-pins tilt into an angle. The angle 
depends on the amount the laminate thickness decreases. In a woven laminate, Z-pins 
cannot tilt freely, since they are constrained by the laminate fibres. This leads to the 
final cured thickness being locally higher than the thickness of laminate without any 
excessive Z-pin length inserted. Any laminate after Z-pin insertion will have in turn 
greater thickness than the nominal, as defined by the manufacturer. Subsequently, the 
final cured thickness of a laminate Z-pinned with an excessive depth will be much 
greater than nominal, if the laminate has a fibre architecture constraining for the Z-pins.  
In a UD laminate Z-pins can tilt easier, so the resulting angles will be greater for a 
similarly excessive insertion depth. 
 
 
Figure 3-6: Implications of dimensional changes during cure upon the final insertion angle of a 
Z-pin of length greater than required (nominal laminate cured thickness: 6.6mm 
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Z-pins do not move along the thickness of a laminate during cure; autoclave insertion 
methods are only effective for low density performs [20,44]. This makes the initial 
positioning of the Z-pins along the thickness important. In order to produce, therefore, a 
laminate with Z-pins throughout its thickness at an orthogonal angle, controlling the 
initial thickness of the uncured laminate before Z-pinning is essential. The uncured 
thickness of both woven materials used was significantly greater than their nominal 
cured thickness. After applying the usual debulking procedure and stacking all plies, the 
uncured thickness of the G986/M21 was about 40% greater (9.5mm instead of 6.6mm - 
Figure 3-6). In collaboration with Hexcel Composites, Duxford, an alternative method 
was developed and adopted [83]. Every 4 plies, woven laminates were compacted using 
a hot press at a temperature of 70  C under a pressure of 10 bars initially for 5 minutes 
after reaching the required temperature, and 15 bars subsequently for another 5 minutes 
(Figure 3-6 (a)). This allows the resin to flow and fully impregnate the central part of 
each ply, as it is initially dry in the particular prepreg. Both upper and lower surfaces are 
heated. A thick metal plate, covering the laminate fully, is used to apply uniform 
pressure. The laminate is confined between strips of adhesive cork to prevent any 
deformation from the original rectangular shape, as well as resin bleed. The thickness of 
the adhesive cork strips is less than the thickness of the plate and the expected thickness 
of the laminate after cure together, and greater than the laminate before compaction. 
Release film is used between the laminate and its surroundings. No other property of the 
resin is affected apart from its viscosity, as it takes a long time and higher temperatures 
for gelation to commence (Figure 3-6(b)). The consolidation of the laminate using hot 
press compaction is improved significantly (Table 3-3). The measurements are taken 
after an allowed relaxation period of 20 minutes, after which no actual relaxation has 
been observed. 
 
Consolidation 
method 
Additional thickness relative to nominal 
cured thickness   before Z-pinning (%) 
Standard 
deviation (%) 
De-bulking (Approx.) 40 
    
Compaction 10.4 2.7 
Table 3-3: Comparison of consolidation methods 
 
Description of materials and manufacturing procedure 
 
51
 
 
(a)  
(b) 
Figure 3-7: (a) Compaction prior to Z-pinning, (b) viscosity and gel time of the M21 resin in 
dynamic and isothermal cure respectively; there are at least 50 min in a low viscosity liquid 
phase for M21 before gelation, at temperatures up to 160  C. 
 
The effect that the improved consolidation method has on the angle of the Z-pins after 
cure is presented in Figure 3-8. This is also illustrated by the C-scan in Figure 3-9. The 
black dots in the images are the imprints of the Z-pins. The difference in their shape and 
array demonstrates the improvement in Z-pin angle. The texture of the weave is also 
visible in the image. 
 
  
(a) Z-pins inclined from the original insertion 
angle (0.5 mm diameter pins) 
(b) Z-pins maintaining the original insertion 
angle (0.5 mm diameter pins) 
Figure 3-8: De-bulked (a) vs. compacted (b) laminate; effect on Z-pin angle 
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(a) C-Scan corresponding to a specimen quality of 
Figure 3-8a 
(b) C-Scan corresponding to a specimen quality 
of Figure 3-8b 
Figure 3-9: De-bulked (a) vs. compacted (b) laminate; effect on Z-pin angle and array through 
C-Scan image 
 
Dark imprints that are not circular indicate an angle, with a magnitude proportional to 
the size of the dark area. C-scan can also help locate missing Z-pins, as illustrated in 
Figure 3-8b; missing pins can be detected at the top middle of the bottom coupon as 
well as the bottom middle of the middle coupon. The spacing and array can also be 
appreciated. Improvements of Z-pin array due to the improved consolidation method are 
also visible on the back face of the cured laminates.  
 
(a) De-bulked cured laminate; 
irregular array of z-pins 
(0.5 mm diameter pins) 
(b) Compacted cured laminate 
Regular array of z-pins 
(0.5 mm diameter pins) 
Figure 3-10: De-bulked (a) vs. compacted (b) laminate; effect on Z-pin array 
 
Missing 
Z-pins 
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Another technique used to avoid the misalignment of Z-pins after cure is the “partial” 
pinning of a laminate. A partially pinned laminate is illustrated in Figure 3-11. Only part 
of the thickness of the laminate contains Z-pins. Such a laminate is manufactured by 
laying up the extra layers of material after the Z-pinning procedure. Any excess Z-pin 
length penetrates part of the new layers of the added material. The manufacture of a 
partially pinned laminate is the only way to completely avoid the appearance of any Z-
pin angle, since it is the only way that the excessive Z-pin length due to the Teflon film 
thickness can be neutralised. The most time efficient way to fully evaluate the Z-pinning 
quality of such a laminate is the C-Scan method. Partial Z-pinning also allows the same 
good surface finish as the unpinned laminate. 
 
Figure 3-11: Partially Z-pinned laminate; excess Z-pin length accommodated in additional 
laminate layers 
 
3.4.2 Resin pocket geometry 
 
When inserting a Z-pin in a UD material the bulk of the laminate fibres are pushed away 
by the Z-pin and a resin rich area forms around the Z-pin, as illustrated in Figure 3-12. 
The shape of this resin “pocket”, as it is called, will depend on the Z-pin diameter and 
the adhesion between laminate fibres through the uncured resin. The Z-pin density can 
also affect the formation of the pocket, as illustrated in Figure 3-13. If the spacing 
between the Z-pins, which is inversely proportional to the density, is too small, then two 
resin pockets may join into a continuous one. Even if such high density is not used, still 
variations of Z-pin spacing can occur.  
 
Additional plies laid-
up after Z-pinning  
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Figure 3-12: Typical resin pocket in a UD, IMS/924 laminate (0.28mm Z-pin diameter) 
 
 
Figure 3-13: Resin pockets “merging” together (0.28mm Z-pin diameter). 
 
From observations of the manufactured Z-pinned laminates, three types of resin pockets 
were identified and are depicted in Figure 3-14. On acquired images of such resin 
pockets, measurements were performed on certain dimensional characteristics, all 
depicted in Figure 3-14.  L is defined as the resin pocket half length, l is the minimum 
opening of a merging resin pocket, and D represents the maximum opening of the resin 
pocket. This dimension is not equal to the diameter of the Z-pin, as it is the projection of 
the Z-pin onto the plane of a ply of the laminate. The value for D should coincide with 
the diameter of the Z-pin when then Z-pin is inserted orthogonally. The value of D 
increases proportionally to the cosine of the Z-pin angle.  
 
Figure 3-15 presents the average value of D for each type of resin pocket for one 
material (IMS/924) and Z-pins of 0.28mm diameter and 2% density. There is clear 
indication that a larger value of D is related to the merging type of resin pocket. The Z-
pin angle therefore increases fibre misalignment (as D increases), as well as the 
percentage and distribution of the resin rich areas. This indicates that the Z-pin angle 
can have an effect on the in-plane properties of a laminate made of UD material. This 
effect is apparent in all UD materials in this study and both Z-pin diameters. Such an 
example for the 0.5mm diameter Z-pin is illustrated in Figure 3-16. 
Description of materials and manufacturing procedure 
 
55
 
 
(a) 
 
(b) 
(c)  
Figure 3-14: Distinct types of resin pockets in a UD laminate. (a) Standard, (b) Weaving, and 
(c) Merging. Characteristic resin pocket dimensions also depicted. 
 
If the stacking sequence of the laminate is multi-directional, the length (2 times L - 
Figure 3-14) of the resin pockets will be smaller, as the frictional forces between plies 
with fibres of different orientation will restrain fibre movement during insertion. The 
magnitude the Z-pin angle effect will therefore be proportionally smaller; still the nature 
of the effect of Z-pin angle is expected to be the same. Figure 3-17 displays the tighter 
curvature of laminate fibres around a Z-pin in the ply boundary of a cross ply laminate. 
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Figure 3-15: Average values of dimension D for each type of resin pocket, in a UD, IMS/924 
laminate (2% density, 0.28mm Z-pin diameter). 
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Figure 3-16: Average values of dimension D for each type of resin pocket, in a UD, IM7/877-2 
laminate (2% density, 0.5mm Z-pin diameter). 
 
 
Figure 3-17: Section of IM7/M21 cross ply laminate, made of UD prepreg, at a ply boundary, 
illustrating the tight curvature of laminate fibres around a Z-pin of 0.5mm diameter. 
 
The insertion of Z-pins in a prepreg with woven architecture has a minimal effect on the 
orientation of the bulk of the laminate fibres. The in-plane alignment of laminate fibres 
Description of materials and manufacturing procedure 
 
57
is not visibly affected close to the Z-pin (Figure 3-18a). The visible resin rich areas in 
the woven laminates are an inherent property of this kind of material and are not created 
by Z-pin presence (Figure 3-18b).  
 
 
(a) 
 
(b) 
Figure 3-18: (a) 0.5mm Z-pin in a woven laminate (G986/M21) and (b) 0.28mm Z-pin in a 
resin rich area of the same material. 
 
3.4.3 Through-thickness geometry 
 
The insertion of a Z-pin into a laminate has additional effects on the out-of-plane, or 
through-thickness plane geometry of the laminate. Laminate fibres fracture and tilt into 
the through-thickness direction. An extreme example is illustrated in Figure 3-19a, 
where the resin pocket of a 0.5mm Z-pin in a T300/914 laminate is full of sectioned 
laminate fibres. These fibres have been pulled along the insertion path of the Z-pin or 
have been fractured during insertion. This is not uncommon with 0.5mm diameter Z-
pins and UD laminates. Damage observed for smaller diameter Z-pins (0.28mm) is 
more uncommon. Similar effects of fibre damage and through-thickness misalignment, 
due to the Z-pins, is also observed in woven laminates. Figure 3-19b portrays a Z-pin in 
the fracture plane of a G986/M21 woven delamination coupon after testing. The 
laminate fibres on its base have been fractured during insertion.  
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(a) 
 
(b) 
Figure 3-19: (a) Resin pocket in a T300/914 laminate (0.5mm diameter Z-pin), displaying 
laminate fibre fracture and (b) fractured laminate fibres along a pulled-out Z-pin 
 
Through-thickness misalignment is increased significantly when an excessive insertion 
Z-pin length is present, due to the aforementioned tendency of the Z-pins to tilt during 
cure (Figure 3-20). 
 
 
Figure 3-20: Increased laminate fibre waviness, after Z-pin tilting, due to excessive Z-pin depth 
 
The phenomenon intensifies along the insertion path of the Z-pin. The first layers of 
laminate fibres can move more freely to accommodate the Z-pin compared to the fibres 
in the centre of the thickness of the laminate. Any through-thickness laminate fibre 
misalignment imposed in the centre seems to carry itself along the rest of the thickness 
of the laminate (Figure 3-21).  
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Figure 3-21: Microscopy image of a side section of an angled Z-pin (0.28mm), showing 
through-thickness misalignment of laminate fibres (G986/M21). 
 
Alternatively, the laminate fibres can prove stronger than the Z-pin and cause the Z-pin 
to split during insertion (Figure 3-22). This is more likely to occur in UD laminates than 
in multi-directional ones. Similarly to laminate fibre misalignment, it is more 
pronounced for larger diameter Z-pins (0.5mm). 
 
(a) 
 
 
(b) 
Figure 3-22: Z-pins split during insertion (UD, IMS/924) 
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3.4.4 Specimen thickness variation 
 
Despite the optimised compaction procedure before Z-pinning, the final cured thickness 
of a Z-pinned laminate is greater than the thickness of an unpinned laminate. The area 
of the manufactured laminates that was covered with Z-pins was a fraction of the total 
laminate area. This ratio is maintained in most testing coupons. The thickness of the Z-
pinned area was measured and contrasted to the nominal thickness of the same material 
(without Z-pins) in all coupons. The average thickness increase for UD is presented in 
Figure 3-23 and for woven in Figure 3-24. 
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Figure 3-23: Average thickness increase of a Z-pinned part of the laminate compared to the 
nominal (unpinned) thickness as a function of Z-pin density for all UD materials in this study 
and both Z-pin diameters 
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Figure 3-24: Average thickness increase of a Z-pinned part of the laminate compared to the 
nominal (unpinned) thickness as a function of Z-pin density for all Woven materials in this study 
and both Z-pin diameters 
 
The error bars are equal to one standard deviation. The Z-pin densities are slightly offset 
on the horizontal axis for visual clarity. The graph for the woven material shows a 
relation between the increases in thickness and the increase in Z-pin density. Small 
diameter Z-pins (0.28mm) seem to have a greater effect than large ones (0.5mm). Partial 
pinning has a smaller effect on thickness; however it is not zero and the percentage 
increase is greater than the percentage value of Z-pin density, which equates to the 
volume fraction of the additional material inserted. The increase in thickness is close to 
the average value of the difference in thickness between the uncured compacted 
laminate and the nominal cured thickness (Table 3-3). The maximum increase is 
substantial and can reach up to 20%. Nonetheless, UD material exhibits a smaller 
sensitivity to increase of thickness than woven material. 
 
When manufacturing a laminate with Z-pins in only a part of its total area, a variation of 
thickness throughout the laminate is expected. In order to attain a laminate with a 
thickness as uniform as possible, a thick (3.2mm) metallic plate was placed on top of 
the laminate during cure (Figure 3-6). Such a metallic plate would provide a uniform 
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compaction distribution on the laminate and is difficult to bend under autoclave pressure 
during cure. Despite that precaution, a variation in thickness within coupons is present. 
The variation is depicted in Figure 3-25 for UD and Figure 3-26 for woven material.  
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Figure 3-25: Maximum variation in thickness of a UD laminate compared to the average 
laminate thickness as a function of Z-pin density, for both Z-pin diameters. 
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Figure 3-26: Maximum variation in thickness of a woven laminate compared to the average 
laminate thickness as a function of Z-pin density, for both Z-pin diameters 
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Both Z-pin diameters are considered. The y axis value is the maximum difference in 
thickness within a coupon over the average thickness of the coupon. This is plotted as a 
function of Z-pin density. Error bars are one time the standard deviation. 
 
Trends are similar to those for the thickness increase to the nominal cured thickness. 
This variation in thickness within a coupon can have an effect on measurements. As will 
be explained in section 5.3.2, values calculated from delamination tests are affected. 
This is also significant when designing a Z-pinned tension specimen, as will be 
explained in section 6.3.2. 
 
 
3.5 Experimental apparatus 
 
All thickness measurements were performed using a set of digital callipers (accuracy of 
±0.01mm) or a micrometer (accuracy of ±0.01mm). A microscope with a digital gauge 
(accuracy of ±0.001mm) was used to measure the dimensions of the gauge length of the 
Iosipescu specimens. 
 
All mode I delamination tests were performed using a Zwick screw driven testing 
machine with a load cell of 2.5kN. A screw driven INSTRON testing machine with a 
load cell of 5kN was used for mode II delamination tests, SENB tests and Iosipescu 
tests. The Z-shear test, the friction test, (both described in chapter 5) and the pull-off test 
(described in chapter 7) were also performed using the same machine.  
 
Open-hole tensile tests were performed using a 100kN INSTRON testing machine with 
hydraulic grips and a 250kN INSTRON testing machine with bolt tightening grips. 
 
Self-tightening grips were used for tensile specimens, incorporating alignment pins to 
ensure simultaneous sliding of the jaws and prevent the development of undesirable 
shear stresses. Specimens were placed with the tabs inside the jaws, as the jaws are 
manufactured with a minor chamfer at their ends to allow a degree of softening of the 
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load transition. This conforms to current practice [82]. A screw driven INSTRON 
testing machine with a load cell of 100kN was used. 
 
Strain measurements were performed using a National Instruments (type SC-2345) 
strain gauge bridge and modules. The measurements were logged using LabView code. 
 
 
3.6 Summary 
 
Careful control of the insertion parameters is essential for high quality Z-pinning. The 
gantry provides significant improvement in procedure control and quality. The required 
operator experience is easily acquired.  
 
An increase in thickness is noted after insertion. This is a function of Z-pin spacing and 
therefore combination of Z-pin density and diameter. It is also a function of initial 
laminate thickness and insertion depth. This can lead to the insertion of a Z-pin length 
greater than the nominal cured thickness of the laminate. Inclination of the Z-pins to the 
normal can emerge after cure to accommodate the excessive Z-pin length. Careful 
control of the insertion Z-pin length (or insertion depth) and sufficient consolidation of 
the laminate prior to pinning is therefore essential.  
 
Inclination of the Z-pins to the normal can also emerge during cutting of Z-pins, but it 
can be avoided given the appropriate care during manufacturing. The resulting quality 
also depends on material type. There is indication of a potential connection of the effect 
of Z-pin angle to in-plane properties.  
 
An additional technique to restrict or avoid Z-pin angle presence is partial pinning. 
Partially pinned laminates have minimal Z-pin angle, good surface finish and decreased 
thickness variation. A variation in thickness exists within a laminate, when Z-pins do 
not cover the whole of its surface. The C-Scan technique is best suited for quality 
inspection. 
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Three types of resin pockets have been identified. The geometry of resin pockets 
depends on the stacking sequence and material type.  
 
Z-pinning inflicts minimal laminate fibre damage. Out-of-plane misalignment can be 
present. Contrary to a stitched laminate, this is more pronounced in the centre of the 
laminate and is usually carried to last part of the thickness to be pinned. The magnitude 
of misalignment varies along the laminate.  
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4 Response to Mode I Loading 
 
 
4.1 Mode I delamination testing 
 
Delamination tests under mode I loading conditions were carried out following the ISO 
15024, implementing the Double Cantilever Beam (DCB) geometry.  The standard 
dictates specimen dimensions, specimen preparation and testing conditions for UD 
laminates. Woven laminates were tested following the same standard, as no alternative 
protocol exists.  
 
Specimens were cut to the suggested width (20mm) using a dry diamond coated saw. 
The edges were slightly polished and then coated with a correcting fluid to facilitate 
crack growth measurement. End blocks were bonded using high temperature adhesive 
(120  C), after abrading the appropriate faces of the specimens. Such a mode I 
delamination specimen is depicted in Figure 4-1.  
 
 
Figure 4-1: Mode I delamination specimen; dimensions, insert film, pin position, end blocks 
and loading displayed 
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The thickness suggested by the standard for UD carbon fibre specimens is 3mm. In this 
study the effect of laminate thickness was one of the parameters under investigation. 
The thickness of the specimens manufactured ranges from 3mm, to 4mm and to 6mm 
for UD specimens and from 3.3mm, to 4.4mm and to 6.6mm for woven specimens. 
Both unpinned and Z-pinned specimens were tested. The crack propagates in the middle 
plane of the specimen and initiates from a 12.5µm thick PTFE film, which is placed in 
the middle plane during the lay-up procedure. Using such a crack initiator, no pre-
cracking is required [84-88]. Z-pins are positioned 5mm after the initial crack front 
(Figure 4-1), following the concept of evaluating the effectiveness of Z-pins to arrest an 
existing crack [20,47,48,89]. 
 
The loading is applied by increasing the opening displacement at a rate of 1mm/min. 
The load and the opening displacement were recorded electronically, while 
measurements of crack propagation were recorded manually, every millimetre if 
possible, by eye, with the help of a magnifying lens. For each measurement taken, an 
“event” is stored electronically in the software used. These “events” (a combination of 
load and displacement) were matched afterwards to the respective crack lengths for data 
reduction. When crack propagation displays “stick-slip” behaviour, where the crack 
arrests and re-initiates, as with testing Z-pinned laminates, the operator ideally needs to 
take measurements of the load, the displacement and the crack length exactly at every 
re-initiation point. With computer controlled testing machines working in real time, this 
is not always possible. Systematic recording of the crack propagation of a Z-pinned 
laminate is therefore important and a fine mesh of measurements can compensate for 
this inconvenience [20,22]. 
 
Data reduction is focused on calculating the critical strain energy release rate, GIc, or 
simply delamination toughness of the material. Three methods can be used for data 
reduction. First, the beam theory method evaluates the toughness using the following 
equation: 
 
ba
PGIC 2
3 δ
=
 
(4-1)
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Secondly, the corrected beam theory method incorporates the correction factors  ∆ , N 
and F. The toughness is finally expressed as: 
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Where: 
∆ : Crack length correction defined as the intercept of the plot of 
C1/3 versus crack length with the x-axis 
F: displacement correction due to end block presence 
N: stiffness correction due to end block presence 
l1 & l2: characteristic end block lengths [iso] 
 
Last, the experimental compliance method can be used. The compliance of the beam 
can be fitted with two parameters, k and n, determined experimentally by plotting C as a 
function of α. The aforementioned correction factors N and F can be included in the 
final expression of the toughness: 
 
N
F
ba
nPGIC 2
δ
=
 
(4-5)
With:  nkaC =  (4-6)
 
The corrected beam theory method tends to produce the most conservative results [82]. 
In this study, data was reduced using the experimental compliance method, due to the 
unreasonable magnitude of correction factor  ∆ , according to [90], significantly 
fluctuating among similar types of specimens.  A spreadsheet supplied by the ESIS 
committee was used to perform the data reduction [91]. 
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4.2 Unreinforced resin testing 
 
The SENB test configuration is used to characterise the toughness of plastics in terms of 
the critical stress intensity factor KC and the energy per unit area of crack GC, or simply 
toughness, at crack initiation [92]. Since the toughness GC of the resin is a defining 
factor for the toughness of the composite, these data are valuable. The toughness of 
M21 and M36 epoxy based toughened resin systems had not been determined before 
this study. SENB tests were performed on samples from both resins. 
 
The materials were supplied by Hexcel Composites Ltd., Duxford UK, in the form of 
fully cured plaques of uniform thickness. In the case of the M21 resin, two plaques were 
received; one consisting of the resin in its final form, which contains some toughening 
particles, and another consisting of the base resin without the toughening particles. 
Specimens were cut from the plaques; the dimensions are determined in the protocol in 
terms of ratios rather than actual values. If B is the thickness and W is the height of the 
specimen, a relation of 2B W 4B is suggested by the protocol (Figure 4-2). Since B is 
equal to the thickness of the plaques received and was therefore fixed, all dimensions of 
the specimens were determined by this value. The thickness of the plaques received and 
all specimen dimensions are presented in Table 4-1, for both materials. The actual span 
of the specimens was larger than the span required for the test to facilitate trouble-free 
positioning of the specimens. Increased specimen length also improves specimen 
alignment. The effective value of the span is the distance between the lower two rollers 
during the test (Figure 4-2). 
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Figure 4-2: Configuration of the SENB test 
 
Material Plaque thickness B (mm) W (mm)  /W 
M21 (untoughened) 5-6 12 0.5 
M21 4 9 0.5 
M36 7-8 20 0.5 
Table 4-1: Specimen dimensions for the three types of resin systems under test 
 
After cutting the specimens to size, a notch is introduced in the middle of the span. The 
depth of this notch is half the specimen height. In order to obtain a valid measurement, 
the notch needs to be sharp, defined by a high ratio of crack length to crack tip radius. 
The notch is further sharpened using a razor as depicted in Figure 4-3a. The height from 
which the weight was dropped was the same for all specimens to obtain identical 
sharpening among specimens; this was confirmed after testing by measuring the razor 
sharp part of the notch. The height, determined by trial and error, was such as to obtain 
a long enough notch without further damaging the specimens in any way. 
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(a) (b) 
Figure 4-3: (a) Mock-up specimen preparation; notch sharpening, and (b) configuration for 
determining compliance correction of the SENB test 
 
Plastics are viscoelastic materials, thus the temperature and cross-head rate are 
specifically defined as 23  C and 10mm/min respectively. Furthermore, displacement 
data have to be corrected for total system compliance, loading pin penetration and 
sample compression. By using the arrangement of Figure 4-3b, at an unnotched part of 
the sample, the total compliance correction can be determined. This is subtracted from 
the compliance curve measured during the test. 
 
Equations (4-7) and (4-8) give the required KC and GC values. The results for both resin 
systems are presented in Figure 4-4. Error bars demonstrate the accuracy of the 
measurement with 97.5% confidence level for a two sided normal distribution [93]. 
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Where: 
f:  calibration factor 
φ: energy calibration factor 
C: specimen compliance 
CCORR: compliance correction 
Pmax: Maximum load, as defined in the protocol 
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Figure 4-4: Toughness of M21 and M36 resin systems 
 
Optical microscopy and SEM observations reveal the micro-structure of each resin 
system. The ‘untoughened’ M21 specimens do not display any distinguishing features. 
The toughened M21 resin contains a significant number of particles, with a size in the 
range of 30µm (Figure 4-5a).  M36 consists of a larger number of toughening particles, 
of a smaller size, in the range of 15µm (Figure 4-5b). The toughening particles act as 
spacers between plies allowing the formation of a resin layer between individual plies, 
as well as instigate dispersion of the crack front into a tortuous path to enhance 
delamination resistance.  
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(a) 
 
(b) 
Figure 4-5: (a) SEM image of M21 resin system, (b) SEM image of M36 resin system 
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The corresponding impregnated woven materials used in this study (G986/M21 and 
G986/M36) contain the resin on the outside of the plies in uncured form; the central part 
of the prepreg is relatively dry. Full impregnation of the fibres takes place during cure. 
Toughening particles are infiltrated by the fibres, so base resin mostly occupies the 
central part of each ply after cure. Figure 4-6 illustrates the fracture surface of a 
delamination specimen; the location is a resin rich area at a junction of crossing fibres.  
 
 
Figure 4-6: Fracture surface at a junction of crossing fibres 
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4.3 Mode I test cases 
 
Table 4-2 lists all UD specimens used in this part of the study; Table 4-3 lists woven 
fabric specimens. The specimens are categorized according to their thickness, the Z-pin 
density, Z-pin diameter and the insertion depth. Specimens with any inconsistencies 
regarding their manufacturing quality and anomalous behaviour during testing were 
eliminated from the results. The specimens presented are the specimens that were 
finally chosen to construct the database.  
 
Unpinned specimens were manufactured with every cure cycle that was carried out. 
Unpinned specimens help in evaluating the quality of the laminates and in ensuring that 
any variability caused solely by the curing procedure is accounted for. 
 
The delamination tests of IMS/924 UD specimens are the work of Barattoni, and results 
are reproduced in this document from reference [94]. 
 
Material Thickness (mm) 
Density 
(%) 
Diameter 
(mm) 
Insertion 
depth (mm) 
No. of 
samples 
T300/914 6mm --- --- --- 5 
T300/914 6mm 2 0.5 Full 6 
T300/914 6mm 2 0.28 Full 5 
T300/914 4mm --- --- --- 2 
T300/914 4mm 2 0.5 Full 6 
T300/914 4mm 2 0.28 Full 5 
T300/914 3mm --- --- --- 2 
T300/914 3mm 2 0.5 Full 4 
T300/914 3mm 2 0.28 Full 4 
IMS/924 6mm --- --- --- 5 
IMS/924 6mm 2 0.5 Full 5 
IMS/924 6mm 2 0.5 4 4 
IMS/924 6mm 2 0.5 3 5 
Table 4-2: Mode I test cases of UD specimens 
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Material Thickness (mm) 
Density 
(%) 
Diameter 
(mm) 
Insertion 
depth (mm) 
No. of 
samples 
G986/M36 6.6mm --- --- --- 4 
G986/M21 6.6mm --- --- --- 5 
G986/M21 6.6mm 4 0.5 Full 5 
G986/M21 6.6mm 4 0.5 4.4 5 
G986/M21 6.6mm 4 0.5 3.3 5 
G986/M21 6.6mm 4 0.28 Full 5 
G986/M21 6.6mm 2 0.5 Full 5 
G986/M21 6.6mm 2 0.5 4.4 5 
G986/M21 6.6mm 2 0.5 3.3 5 
G986/M21 6.6mm 2 0.28 Full 5 
G986/M21 6.6mm 2 0.28 4.4 5 
G986/M21 6.6mm 2 0.28 3.3 4 
G986/M21 4.4mm --- --- --- 2 
G986/M21 4.4mm 2 0.5 Full 5 
G986/M21 4.4mm 2 0.28 Full 5 
G986/M21 3.3mm --- --- --- 2 
G986/M21 3.3mm 2 0.5 Full 1* 
Table 4-3: Mode I test cases of woven fabric specimens 
 
 
4.4 Failure mechanisms 
 
Delamination of a Z-pinned laminate under mode I conditions results in gradual pull out 
of the Z-pins out of the laminate with increasing opening  displacement (Figure 4-7a). 
Pull out is a two phase procedure. Initially, the Z-pin stretches elastically and gradually 
debonds from the laminate. After complete debonding, Z-pin pull out is controlled by 
friction. An experimental pull out curve of a single Z-pin is presented in Figure 4-7b. 
The maximum force generated during the debonding phase does not have to be the same 
as that in the frictional phase. Figure 4-8a illustrates such a case. However, the opening 
displacement related with the first phase is in the order of 10-20µm (point A), while the 
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total opening displacement is equal to embedded length of the Z-pin in the half laminate 
(point B); namely in the order of a few millimetres. The work associated with the 
debonding phase is therefore negligible in comparison with the total work [20,77-80]. In 
terms of energy, the pull out curve illustrated in Figure 4-8b is equivalent and can be 
used for numerical modelling [78-80].  
 
(a) 
(b) 
Figure 4-7: (a) Z-pin pull out during mode I delamination testing and (b) Experimental pull-out 
curve of a T300/BMI Z-pin from a UD laminate, after[20] 
 
 
Figure 4-8: Z-pin pull-out curves (a) complete and (b) energy equivalent simplification 
 
For a single Z-pin, where D is the diameter and LP is the embedded length of the pin in 
the half laminate, under a friction stress τF, the force generated during the frictional part 
of the pull out is: 
 
F PF D L=π⋅ ⋅τ ⋅  (4-12)
 
F FA 
A B δ 
FA 
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The arms of the mode I specimen undergo bending during the test. With the addition of 
Z-pins the load required to propagate the crack increases by the amount of load required 
to pull out the Z-pins. This increases the bending of the arms. Alternative modes of 
failure can appear if the bending forces exceed the strength of the material. Figure 4-9 
illustrates such an occurrence, where bending failure has been initiated and crack 
propagation has stopped; bending failure follows. 
 
 
Figure 4-9: Bending failure during a mode I delamination test of a Z-pinned specimen 
 
 
4.5 Stability of crack propagation  
 
The delamination behaviour of all UD unpinned laminates under mode I loading 
conditions was as expected. In a mode I UD unpinned specimen the load rises linearly 
until the crack initiation point. The crack then propagates in a smooth manner under a 
load that decreases asymptotically to a plateau value. Such behaviour of an unpinned 
UD specimen is depicted Figure 4-10. 
 
If an equivalent specimen contains a block of Z-pins, the crack propagation behaviour 
changes. The load reaches the same value at the initiation point and then the crack starts 
to propagate. The load decreases, until the crack advances a little further than the first 
row of Z-pins, located 5mm from the initial crack front. The Z-pins then begin to resist 
the opening movement of the arms of the beam and resist crack propagation. The load 
increases sufficiently to debond and pull out the Z-pins (see section 4.4). Each row is in 
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turn debonded and pulled out during the test in small increments. During the time that 
the load is increasing without any pull out of the Z-pins the crack tip is completely 
shielded from any additional stress. With every incremental movement of the Z-pins 
some of the load is transferred to the crack tip. The load, as recorded in the test, is much 
higher in the Z-pinned specimen and is mostly carried by the Z-pins. This means that 
the stress transferred to the crack tip at each increment is too much for the crack tip to 
resist, leading to unstable crack propagation until the next row of Z-pins is introduced to 
the crack wake. This is described as ‘stick-slip’ behaviour, where the crack propagates 
from one discrete row of Z-pins to the next, arresting temporarily at each row Figure 
4-10.  
 
 
Figure 4-10: Characteristic experimental curves (Load vs. Displacement) of unpinned and 
pinned specimens, for woven (G986/M21) and UD (T300/914) material. 
 
The spacing of the Z-pin rows (and therefore the Z-pin density) dominates the 
propagation behaviour and in particular the spacing of the load peaks on the 
experimental curve. The overall propagation behaviour cannot be characterised as 
unstable; firstly the load carried by the beam is increased by an order of magnitude; 
secondly, the load increases monotonically until it reaches a plateau. The reason why a 
plateau value is reached will be investigated in section 4.7. The specimen fails 
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catastrophically when the crack propagates past the last row of Z-pins, since the original 
material, without Z-pins, cannot withstand the increased load. 
 
A certain crack length beyond the Z-pins is required for the Z-pin to begin taking up 
load in order to inhibit crack propagation [34]. Before such a crack length is reached, 
the Z-pins are not subjected to any load and therefore do not shield the crack from 
stresses. Consequently, under mode I loading conditions, a Z-pinned laminate will not 
exhibit greater resistance to crack initiation. Any variations of the initiation values of a 
mode I specimen with Z-pins placed exactly at the crack tip, would only originate from 
the presence of resin rich areas (resin pockets) around the Z-pins. As long as the initial 
unpinned 5mm section is concerned, the toughness values are always similar to the 
values of a completely unpinned specimen. This provides a further opportunity to 
evaluate the manufacturing quality and the suitability or nor of any given data point to 
be included in the data base. 
 
The response of woven unpinned specimens under mode I loading differs. The load 
increases up to the point of crack initiation, similarly to the behaviour of UD material. 
However, the propagation is unstable and the crack jumps considerable lengths. The 
load fluctuates above and below the value required for initiation. Ultimately, the load 
reaches a decreased plateau value and the fluctuations disappear (Figure 4-10). This is 
not unexpected, since it is characteristic of the loading configuration. 
 
As with cross ply or angle ply laminates made from UD material, this fluctuation of 
load is caused by the constant changes and deviations of the crack path, already 
explained in section 2.4. In contrast to UD laminates, the initiation value is not the same 
between different specimens made of woven material. The outline of the crack front at 
initiation is randomly determined by the local lay up of the laminate fibres. A different 
number of 0 /0 , 0 /90  and 90 /90  interfaces, as well as layers of resin of different 
thicknesses (due to the out of plane waviness) along the crack front, are responsible for 
the discrepancies in initiation values between specimens. Along a crack tip many times 
the length of the unit cell of the weave, discrepancies in toughness could fade; in the 
current configuration, the unit cell of the weave (9mm) is close to half the specimen 
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width (20mm). The toughness of a number of unpinned woven specimens is presented 
in Figure 4-11. This behaviour is one reason why average values of similar groups of 
specimens are used throughout this study. 
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Figure 4-11: Response of woven (G986/M21) unpinned specimens to mode I loading 
 
Inserting Z-pins into woven materials has an analogous effect. The load carried by the 
specimens begins to rise little after the first row of Z-pins and increases in average by an 
order of magnitude higher compared to unpinned specimens. The load reaches a plateau 
value and catastrophic failure follows, once the crack propagates past the Z-pinned 
portion of the beam. Examining the experimental curve (Figure 4-10) reveals that the 
inherent instability of crack propagation in the unpinned material has faded. The Z-pins 
again dominate the shape of the experimental curve, only in this case the curve is 
smooth, especially when using higher Z-pin densities.  
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Figure 4-12: Apparent toughness of unpinned and pinned specimens, for woven (G986/M21) 
and UD (T300/914) material. 
 
The instability of the woven material in mode I delamination is apparent in Figure 4-12. 
The number of measurements taken for the same crack length, shows how much slower 
and more stable the propagation in the Z-pinned specimen was. Measurements of crack 
length in the unpinned woven specimen are less dense and greater distances exist 
between sequential pairs. The stable propagation behaviour of an unpinned UD 
specimen is also depicted in the same figure. 
 
Last, Figure 4-13 compares the mode I delamination toughness of the two types of 
woven material used in this study. As predicted, the relation of the toughness between 
the two - the resin system apart - identical materials, matches the relation of the 
toughness between the neat resin toughness of M21 and M36 resin systems. The 
delamination behaviour of both materials is identical and is dependent on the fibre 
architecture. 
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Figure 4-13: Mode I delamination toughness of G986/M21 and G986/M36 
 
 
4.6 Effect of Thickness 
 
Despite the fact that a specific thickness is suggested in the mode I standard, the same 
value for the toughness can be obtained when testing laminates of thicknesses 
comparable to suggested, as long as there is negligible laminate fibre bridging during 
the test. Thicknesses of up to 6.6mm do not invalidate any assumptions on which the 
data reduction procedure is based, even when testing a woven. In proof of this, Figure 
4-14 illustrates the insensitivity of the measurement with respect to specimen thickness; 
the toughness of woven unpinned specimens with thickness varying between 3.3mm 
and 6.6mm does not change. In order to facilitate the comparison, average values are 
used to remove the aforementioned fluctuation. No fibre bridging was observed when 
testing either UD or woven type laminates under mode I loading conditions. 
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Figure 4-14: Mode I delamination toughness of G986/M21 for varying laminate thicknesses. 
 
Toughness values from both UD and woven Z-pinned specimens display a dependence 
on specimen thickness. Figure 4-15 shows that, for both types of material, the toughness 
value measured increases as the thickness increases. Toughness values of Z-pinned 
laminates cannot be used as material properties. They are strictly specimen properties 
dependent on specimen geometry. The values measured will be therefore referred to as 
‘apparent toughness’. This is an important point, as it invalidates any use of such 
toughness values for design purposes using conventional calculation procedures. The 
significance of these measurements can only be appreciated in direct comparison to an 
unpinned laminate of the exact same geometry.  
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Figure 4-15: Dependence of mode I interlaminar toughness on the thickness of Z-pinned 
laminates(UD T300/914, 2% Z-pin density, 0.5mm Z-pin diameter) 
 
In order to evaluate the effect of specimen thickness by specimen comparison, all 
remaining parameters need to be identical. This includes Z-pin diameter, Z-pin density 
and the insertion depth. Figure 4-16 shows the apparent toughness of two such types of 
specimens (in average values). The density is 2%, the diameter 0.5mm, and the insertion 
depth is 4.4mm. This was achieved by pinning the whole thickness of a 4.4mm thick 
laminate and partially pinning a 6.6mm laminate. After testing, the positioning of the Z-
pins relative to the initial position of the crack is measured. The distance of the first row 
from the crack should always be 5mm, however this distance can vary slightly, due to 
mispositioning of the Z-pin preform on the uncured laminate by the ultrasonic gun 
operator during manufacturing. In the case depicted in Figure 4-16 this distance was 
between 7mm and 8mm for one of the types of samples. In order to facilitate 
comparison between the different types of specimens, the curves were plotted against 
the positioning of the first row of Z-pins in the specimens. The first row of Z-pins 
would therefore be placed at zero, while an X-axis value of -5mm would indicate the 
position of where the initial crack was intended to be. Figure 4-16 shows that the 
specimens with higher thickness reach higher apparent toughness values.  
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Figure 4-16: Effect of laminate thickness on the apparent toughness; material G986/M21, 
density 2%, Z-pin diameter 0.5mm, insertion depth 4.4mm 
 
This is explained by the fact that the increased thickness provides a beam of higher 
stiffness, since the product of EI increases, with E being the modulus (same for the two 
beams) and I the second moment of inertia (proportional to the third power of 
thickness). The results in Figure 4-17 support further this conclusion. In this case, 
beams of similar thickness, but of different modulus are compared, with all other 
parameters remaining the same. The Z-pin insertion depth is 3.3mm. One curve is the 
average of woven specimens 6.6mm thick, with a 3.3mm insertion depth. The other is 
the curve from a woven specimen 3.3mm thick, with pins through the whole thickness. 
The 3.3mm specimen was reinforced externally by bonding 1.5mm thick, UD T300/914 
carbon tabs. The total thickness was close to 6.5mm.  
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Figure 4-17: Effect of beam stiffness on the apparent toughness; material G986/M21, density 
4%, Z-pin diameter 0.5mm, insertion depth 3.3mm; tabbing material T300/914 
 
The increased beam stiffness restricts the bending of the arms of the beam, allowing a 
greater number of rows of Z-pins to resist crack propagation, before any row is 
completely pulled out. Figure 4-18 illustrates this effect. In the figure both beams 
appear to have an even distribution of bending along their length. The figure is 
deceptive in that respect. The bending of the beam is significantly reduced in the 
bridging zone. The figure illustrates even bending to attenuate the effect and facilitate 
the appreciation of the mechanism involved. Concluding, the thickness of a Z- pinned 
laminate affects the length of the bridging zone. 
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Figure 4-18: Schematic of the effect of laminate thickness on the bridging zone length 
 
 
4.7 Effect of insertion Depth 
 
The effect of Z-pin insertion depth was investigated using specimen comparison. Figure 
4-19 shows the apparent toughness of woven Z-pinned specimens with a varying 
insertion depth. Specimen thickness is 6.6mm, density is 2% and Z-pin diameter is 
0.28mm. Curves are plotted again against the positioning of the first row of Z-pins in 
the specimens. The first row of Z-pins is placed at zero, while an X-axis value of -5mm 
indicates the position of where the initial crack was intended to be. Figure 4-19 presents 
a similar arrangement of specimens for a different Z-pin diameter, namely 0.5mm. 
Propagation values for the fully pinned specimens in Figure 4-19 are obtained only for 
the first few millimetres; the specimen arms break, as described in section 4.4. 
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Figure 4-19: Effect of insertion depth on the R-curve; material G986/M21, specimen thickness 
6.6mm, density 2%, Z-pin diameter 0.28mm 
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Figure 4-20: Effect of insertion depth on the R-curve; material G986/M21, specimen thickness 
6.6mm, density 4%, Z-pin diameter 0.5mm 
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Observation of the figures reveals a dependence of the apparent toughness value on the 
insertion depth. The same is apparent in Figure 4-21, where a comparison between UD 
specimens is performed. Individual specimens are depicted. The plateau value of the 
apparent toughness increases with increasing insertion depth. Moreover, the slope of the 
R-curve becomes steeper as the insertion depth increases.  
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Figure 4-21: Effect of insertion depth on the R-curve; material UD IMS/924, specimen 
thickness 6mm, density 2%, Z-pin diameter 0.5mm 
 
The first trend can be explained by investigating the effect of insertion depth on the 
length of the bridging zone. A Z-pin with small insertion depth requires proportionally 
small opening of the two beam arms to pull out completely. At the point where the first 
row of Z-pins has pulled out of this specimen, the first row of Z-pins in an otherwise 
equivalent specimen with a greater insertion depth has still not completely pulled out. 
This row is still resisting crack opening. In order for the first row in this second 
specimen to pull out, the crack is required to advance further. When the crack advances 
further, additional rows of Z-pins are introduced in the crack wake and the total number 
of “working” rows increases. The apparent toughness therefore increases. Figure 4-22 
illustrates how a greater number of working rows is achieved with an increased 
insertion depth.  
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Figure 4-22: Effect of insertion depth on the length of the bridging zone 
 
At the point where the first row pulls out completely, a steady state is reached. For 
every row pulling out, a new one is introduced in the crack wake and “replaces” the first 
one. This is why a plateau value is reached. This plateau value can be sustained until 
there is no additional row available to “replace” the row that is pulling out. The number 
of “working” rows is therefore smaller than that required to withstand the load and the 
specimen fails. 
 
The second trend is a result of the pull out curve of the Z-pin. Looking at Figure 4-19 to 
Figure 4-21 it is apparent that a Z-pin with greater length can initially resist a higher 
load. The maximum pullout force, generated at the onset of pullout, is smaller for a 
shorter Z-pin. 
The rate with which a new row is introduced to the crack wake depends on the Z-pin 
spacing and thus is fixed for a certain Z-pin diameter and density. The rate with which 
the sum of forces, generated by Z-pins, increase and shield the crack tip is therefore 
constantly lower for a specimen with a smaller insertion depth. This results in the 
decreasing slope of the R-curve with decreasing Z-pin insertion depth. 
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4.8 Effect of Density 
 
The Z-pin density defines the amount of reinforcement inserted in a composite laminate. 
It is expected to exhibit a proportional relation to the apparent toughness. Figure 4-23 
confirms the predicted trend; apparent toughness increases with increasing Z-pin 
density. This is true for any combination of the rest of the Z-pin parameters, for both 
types of materials investigated.  
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Figure 4-23: Effect of Z-pin density on the apparent toughness 
 
A secondary effect can be observed in the same figure; the slope of the R-curve rises 
with increasing density. Increasing density equals decreasing Z-pin spacing and 
subsequently the rate with which new rows of Z-pins are introduced in the crack wake, 
as the crack propagates, is higher, explaining this occurrence.  
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4.9 Effect of Diameter 
 
The mechanism that generates the Z-pin reaction force during pullout is friction. The 
amount of friction decreases with pullout and is, thus, proportional to the 
circumferential area of the Z-pin that is embedded in the laminate. For a fixed insertion 
depth, the circumferential area of a Z-pin is, in turn, a function of its diameter (equation 
(4-13)).  In a bridging zone of a fixed length, the total force resisting crack opening is 
the sum of forces generated by Z-pins (Figure 4-22). For fixed Z-pin density, the 
number of Z-pins acting in the bridging zone is determined by equation (4-14).  
 
Circumferential area of each Z-pin: PA D L= π⋅ ⋅  (4-13)
Number of Z-pins: 1 22
H H
n
s
⋅=  (4-14)
Definition of areal density: 
2
2
D
4
s
π⋅
ρ=  (4-15)
Where : 
s: Z-pin spacing, 
LP: Z-pin insertion depth (Z-pin cylinder height) 
H1,H2: reinforced area (or bridging zone) dimensions 
D: Z-pin diameter 
 
The total frictional area of the reinforcement is then: 
A n D L= ⋅π⋅ ⋅  (4-16)
 
According to (4-15), equal densities lead to the following formula: 
2 2
0.5 0.28
0.5 0.28 2 2
0.28 0.5
s D
D D
s D
= ⇒ =  (4-17)
 
By combining equations (4-13), (4-14), (4-16), (4-17), the ratio of frictional areas is: 
0.5 0.28
0.28 0.5
A D
A D
=  (4-18)
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The frictional areas are inversely proportional to the Z-pin diameter. The apparent 
toughness should retain a similar relation; however, apparent toughness will not be 
exactly inversely proportional to the Z-pin diameter. For fixed density, insertion depth 
and laminate thickness, at a certain crack length, the force required to continue crack 
propagation under mode I loading will be higher for Z-pins of smaller diameter. The 
higher forces generated by the smaller diameter Z-pins will alter the amount of bending 
of the arms of the beam. Thus the length of the bridging zone will be affected. The 
relation between the apparent toughness and Z-pin diameter will change; on the other 
hand, the trend of obtaining higher apparent toughness values for smaller diameter Z-
pins should remain. This is confirmed for all laminate thicknesses, Z-pin densities, and 
insertion depths. An example is given in Figure 4-24.   
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Figure 4-24: Effect of Z-pin diameter on the apparent toughness; material G986/M21 
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4.10 Summary 
 
A fine mesh of measurements of the crack length is important for the accurate data 
reduction of delamination toughness. The difference in the microstructures of the M21 
and M36 resin systems is responsible for the difference in the neat resin toughness. The 
instability and pattern of the mode I delamination behaviour of the unpinned woven 
laminates however is a result of the laminate fibre architecture. 
 
Z-pins perform two tasks. Firstly, they increase the delamination toughness by an order 
of magnitude in both types of material. Secondly, the provide stability during 
propagation. 
 
Failure mechanisms consist of Z-pin debonding and frictional pull out. Alternative 
modes of failure of the specimen can be introduced for highly increased fracture 
toughness. 
 
Mode I delamination toughness of a Z-pinned laminate is a function of laminate 
thickness, insertion depth, Z-pin density and Z-pin diameter. An increase in density 
increases the traction forces in the crack wake accordingly; an increase in insertion 
depth enhances the potential energy absorption by the Z-pins; an increase in thickness 
results in a greater number of working Z-pins at any given time; an increase in Z-pin 
diameter reduces the total friction area resisting the crack opening and thus reduces the 
measured delamination toughness. 
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5 Response to Mode II Loading 
 
 
There are four available test configurations to investigate the response of composite 
laminates under mode II loading. This chapter begins with a brief presentation of these 
configurations. The 4ENF configuration is selected as the most appropriate for testing 
Z-pinned laminates.  
 
The measurement of delamination toughness under mode II loading is related to and 
obstructed by the presence of friction between crack faces. The investigation of its 
effect in woven laminates is attempted with the help of a purpose built friction rig. A 
further association of friction with crack propagation behaviour of woven laminates is 
established. This association is illustrated by the sensitivity of the delamination 
toughness of unpinned woven fabric laminates to laminate thickness.  
 
The fracture mechanisms of Z-pinned laminates in shear loading are identified in 
relation to the material and the Z-pinning parameters; insertion depth to Z-pin diameter 
ratio, material type, laminate thickness and imposed constraints regarding the opening 
displacement, all play a role in determining the failure type of Z-pins. A specifically 
designed shear test rig is utilised to facilitate the investigation. An optimum insertion 
depth to Z-pin diameter ratio exists, where energy absorption is at maximum. Additional 
effects of Z-pin density and angle are identified. The introduction of an additional mode 
I loading component under shear loading conditions is attributed to Z-pin presence; 
fractography images support this concept.   
 
The experimental compliance calibration method (CCM) is selected to reduce data from 
4ENF delamination tests. The CCM method is time efficient and produces the most 
conservative values. The insertion of Z-pins in a mode II specimen, however, introduces 
a level of inaccuracy in the delamination toughness measurement; in particular in the 
correct determination of compliance. A compliance correction is applied to facilitate 
comparison between different Z-pinning configurations regarding their effect on mode 
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II delamination toughness, GIIC. The correction is performed with a purpose designed 
specimen in order to nullify the manufacture introduced irregularities, as well as the 
effect of the complex fracture mechanisms that further impede the correct compliance 
determination, while retaining the effect of the Z-pins on the mechanical in-plane 
properties of the material. 
 
The effects of Z-pin density, Z-pin diameter and insertion depth in 4ENF delamination 
testing are identified and measured for woven laminates. The understanding of Z-pin 
behaviour under shear loading, developed through the shear rig experiments, is used to 
explain test results under 4ENF mode II loading. 
 
 
5.1 Mode II delamination testing 
 
Delamination tests under mode II loading conditions were carried out using the 4ENF 
configuration (4 point End Notched Flexure) [88,95,96]. Specimen dimensions and 
specimen preparation are identical to those required to mode I delamination testing 
according to ISO 15024. Both UD and woven laminates are tested without any 
differences in the procedure.  
 
Specimens are cut to the suggested width (20mm) using a dry diamond coated saw. The 
edges are slightly polished and then coated with correcting fluid to facilitate crack 
growth measurement. The thickness of the specimens manufactured ranges between 
3mm, 4mm and 6mm for UD specimens and 3.3mm, 4.4mm and 6.6mm for woven 
specimens. Testing of UD specimens using the 4ENF configuration was performed by 
Alessandrini [97]; only three unpinned UD specimens are presented. The crack is 
propagated in the middle plane of the specimen and initiates from a 12.5µm thick PTFE 
film. Z-pins are positioned 5mm after the initial crack front (as in the mode I specimen, 
see Figure 4-1), following the concept of evaluating the effectiveness of Z-pins to arrest 
an existing crack [20,47,48,89].  
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Initiation values defined using the NL point [22,95] are higher from inserts or mode I 
pre-cracks when using the 4ENF configuration. Pre-cracking in mode I can also induce 
fibre bridging [98] and introduces a different mode to the crack tip [99]. Inserts usually 
yield the highest initiation values [87,98,100]. Pre-cracking in mode II is advisable 
[101,102,103], and this was done in the present study. 
 
 
Figure 5-1: II delamination specimen and 4ENF fixture; test dimensions, insert film, pin 
position, and loading displayed 
 
The loading is applied by increasing the crosshead displacement at a rate of 0.5mm/min. 
The load and the crosshead displacement are recorded electronically, while 
measurements of crack propagation are recorded for every millimetre, if possible, by 
eye, using a 3-axis travelling microscope.  
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Methods available for data reduction [82,96,102] include the beam theory method 
(equation (5-1)) and the experimental compliance method (equation (5-2)): 
 
2 2
L
IIC 2 3
f
9P SG
16E b h
=  (5-1)
2
IIC
PG m
2 b
= ⋅⋅  (5-2)
With: 0C C m a= + ⋅  (5-3)
Where: 
Ef: the flexural modulus 
C: specimen compliance 
C0: initial specimen compliance 
Dimensions depicted in Figure 5-1 
 
5.1.1 Comparison of test methods 
 
Four basic test configurations are used for mode II fracture tests; the ENF configuration 
(End Notched Flexure), the SENF configuration (Stabilised End Notched Flexure), the 
ELS configuration (End Loaded Split), and the 4ENF configuration (4 point End 
Notched Flexure).  
 
The ENF configuration has been the most popular and it is a 3-point bend configuration 
of a beam containing an initial crack of 25mm [95]. Pre-cracking under mode I loading 
conditions is advised, as it provides conservative values; initiation from inserts exhibit 
instability [88,101,102]. Similarly to mode I, there are three data reduction methods [82, 
101,102]. In order to use the experimental compliance calibration method, the slope of 
compliance change m has to be determined before the test. A small number of bending 
tests with each specimen, placed in different positions so as to achieve different crack 
lengths, is performed to obtain the calibration curve. Correction factors N, F and S are 
used to compensate for the effects of large displacements and transverse shear [82, 
88,102]. The initial parameter dimensions are L=50mm and α0=25mm.  
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The ENF test is in theory stable for a crack length of α=35mm [104]. However, the 
kinetic energy due to the initial instability leads the crack to propagate further than the 
loading point at α=50mm, rendering the propagation values invalid [20,88,102]. The 
ENF method is mostly used for obtaining initiation values, as it gives values on the 
lower bound.  
 
The SENF method is an ENF configuration with a difference in the controlling 
parameter of the test. The shear displacement at the split end of the specimen is 
measured with a clip gauge, and a constant shear displacement speed is used instead of 
applying a constant crosshead speed. Both beam theory and an experimental compliance 
calibration method are used for the data reduction [102]. The complicated fixture that 
provides the constant shear displacement speed and the questionable stability of crack 
growth, when using this method, are its main drawbacks [88, 101,102]. 
 
The ELS configuration introduces mode II loading conditions by bending a split 
cantilever beam. Data reduction methods include both beam theory and experimental 
compliance calibration [95,102]. A significant advantage of using the experimental 
compliance calibration data reduction method is that compliance calibration can be 
performed during the test [102,88,101]. This provides a more accurate compliance 
calibration than when performing the calibration beforehand [96]. Otherwise, 
compliance correction ∆II is determined through the corresponding compliance 
correction ∆I for a mode I DCB test [82,105]. If the modulus E is unknown, a simple 
flexural test on the uncracked part of the beam can provide this value. 
 
Examining the stability as before deduces that the ELS configuration offers stable crack 
growth for more than 35mm. It can therefore be used to obtain crack propagation values 
and is strongly preferred by many laboratories [102, 103]. 
 
The 4ENF configuration is the most recently developed of the available tests and has 
been designed to reduce friction effects between the crack faces and propagate the crack 
in a stable manner [96]. It introduces mode II loading conditions by applying a constant 
moment between the inner loading points. Subsequently, the stability of the test is 
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independent of crack length, which means the test is always stable. The experimental 
compliance calibration method is preferred, as data reduction using the beam theory 
method overestimates the toughness by 20% [101]. The compliance calibration, as with 
ELS, is performed during the test. The proposed configuration of the test (d=SR-
SL=60mm, 2L=125mm) provides at least 40mm of stable crack propagation. Initiation 
values deduced using this configuration are, however, the least conservative [101,102]. 
 
5.1.2 “Shear measurement or sheer myth?” 
 
Mode II delamination toughness, as typically measured, is not universally accepted as 
an independent material property characteristic of the interlaminar shear fracture 
toughness of a composite material. The absence of a universally accepted test protocol 
to measure GIIC is indicative of this fact. Significant issues, such as the measuring of the 
crack length with an acceptable degree of accuracy when microcracking occurs, have 
not yet been addressed in the existing protocols. An examination of the critical issues 
associated with the measurement of GIIC has been presented by O’Brien [98]. Another 
relevant recent review examines the role of friction in the mode II loading response of 
composites [99]. 
 
Section 5.2 attempts to investigate the issues of friction between crack faces. The 
friction coefficient of different interfacial surfaces is measured and friction is correlated 
to the crack propagation behaviour. Section 5.4 will later deal with the issue of crack 
measurement. 
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5.2 Effect of friction 
 
Substantial work has been published in the attempt to quantify the effects of friction in 
mode II testing, and is reviewed in [99]. Findings by different workers are not always in 
agreement among each other. Delamination toughness values are argued to be affected 
by 5% when the 4ENF configuration is used and 2% when using the 3pt ENF [107]. 
However, an overestimation of delamination toughness by 20% is possible due to 
friction when using the ENF configuration [108]. The effect of friction appears to 
increase with increasing specimen thickness [109], as well as with an increasing span 
ratio of d/2L in the 4ENF configuration [107]. According to the latter prediction, 
friction accounts for 5% to 9% of the delamination toughness for the span ratio used in 
the current study, considering the greatest thickness of specimens used (6.6mm). 
 
An analytical expression regarding the effect of friction on the delamination toughness 
can be reached using beam theory [110]. Both friction between crack faces and at the 
loading and support points is accounted for: 
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An accurate measurement of the friction coefficient is required for the application of the 
above formulas. 
  
5.2.1 Friction coefficient measurement 
 
The coefficient of friction between two surfaces can be evaluated by measuring the load 
required to initiate and maintain the relative sliding displacement for a given normal 
load applied to the surfaces. Several subsidiary issues need to be addressed before 
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performing such a test. Appropriate contact between the whole specimen surfaces, a 
uniformly applied load and assurance of testing a representative pair of surfaces are the 
most important. Quite complicated fixtures have been used to ensure the accuracy of 
measurement [111,112]. In this study, specimens previously delaminated under mode II 
loading conditions were used. Woven fabric specimens (G986/M21 and G986/M36) 
were cut from 4ENF delamination specimens and UD specimens (T300/914) were cut 
from 3pt ENF delamination specimens. Additional specimens were cut from mode I 
delamination specimens for comparison. Cut-offs from the insert film area of 
delamination specimens were also tested. Each pair of surfaces tested belongs to the 
same delamination specimen and consists of “matching” surfaces, namely surfaces that 
were joined before delamination. The millimetre-accurate marking scale on the sides of 
the delamination specimens ensures that the relative positioning of the surface pairs 
matches their initial position before delamination.  
 
The purpose built friction rig is depicted in Figure 5-2. The lower part of the friction 
specimen lies in a 20mm wide aligning channel. Specimen movement in the sliding 
direction is prevented by a protruding surface of the fixture (A in Figure 5-2). The upper 
half rests on top of the lower half and the sliding frame is placed around it. The sliding 
frame applies the sliding displacement. The frame lies in its own aligning channel and 
thus aligns the upper specimen half. A loading “saddle” is then placed on top of the 
upper specimen half (B in Figure 5-2). The saddle is in contact with the specimen only 
and does not obstruct in any way the movement of the frame; the entire normal load is 
therefore applied only on the specimen surface. A fixed weight is then placed on top of 
the saddle. Next, the frame is pulled horizontally and, pressed against the upper half of 
the specimen only, applies the sliding displacement to the upper half. The frame does 
not come in contact with the lower specimen half, as its own aligning channel restricts 
its downward movement. The frame is pulled via a brake wire. The wire is deflected 
against a free resting rod, restricted only against upward or downward movement. The 
other end of the wire is clamped in the machine jaws and the pulling load is measured in 
the load cell. All contacting metallic surfaces are finished with oil to minimise any 
additional frictional sources. 
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Figure 5-2: Friction test rig illustrating the wire load application and the LVDT measurement; 
section of a detail of the rig revealing specimen positioning and dimensions. Red arrow 
indicates sliding displacement direction; red surface between specimen halves is under test. 
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The sliding displacement is measured with an LVDT resting against the saddle, 
measuring therefore the actual displacement of the upper specimen half. The LVDT 
applies an additional load of approximately 1N on the saddle, opposed to the sliding 
direction. Measurements are corrected against all additional frictional sources, by 
subtracting the fixture generated friction. The fixture generated friction is measured by 
performing the test in an identical fashion using ball bearings between the saddle and 
the bottom surface. The only inaccuracy using such a correction procedure is that the 
amount of friction at the point where the loading wire is deflected is not measured 
accurately; friction depends on the applied load and the load reached during the 
measurement of the fixture generated friction is significantly lower. 
 
Figure 5-3 displays the friction coefficient as a function of the sliding displacement. The 
friction of the fixture is also presented and has been subtracted from all curves. The 
average rig friction coefficient is 0.09; the curve however is not completely flat. The 
small undulations are caused by the contact of the wire at the deflection point. For 
higher loads, an additional inaccuracy is introduced due to the stretching of the wire. 
The correlation between the values of the friction coefficients measured and the level of 
friction between crack faces during the mode II delamination test is debatable. The 
elastic stretching of the wire for the maximum load during the friction test amounts to a 
strain of 0.1%. More importantly, the contact load between the surfaces using the 
friction rig is constant and the sufaces remain flat. In contrast, in the mode II 
delamination test, the changing compliance of the beam due to crack propagation 
change the distribution of contact forces and the surfaces follow the bending of the 
beam.  
 
However, there are two arguments in favour of the validity of any trends or patterns 
observed in the results. Firstly, there is the sufficient detail and reproducibility in the 
measurement of the relatively low friction coefficient of the insert film specimens. 
Secondly, the diminishing of the undulations of re-tested specimens indicates the 
authenticity of the initially observed undulations. In the same figure, the curves of 
specimens denoted with “B” in their name, represent specimens being tested for a 
second time. The wear of the surfaces is the reason for the fading of the undulations.  
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Figure 5-3 reveals the effect of the difference in the resin system on the friction 
coefficient. Both types of woven material have identical fibre architecture. The ratio of 
friction coefficient between G986/M21 and G986/M36 is close to 3. Furthermore, the 
number and magnitude of peaks and dips are significant for G986/M21 and moderate 
for G986/M36. Another difference is the significant peak in load required to detach the 
initially matching surfaces, observed clearly in G986/M21. The differences in particle 
size and number, as discussed in section 4.2, may alter the contact friction between 
surfaces. The amount of surface undulation may also depend partly on the resin micro-
structure. It should be noted, that the consolidation of G986/M36 relative to the prepreg 
nominal thickness was better, compared to G986/M21; better consolidation implies 
smaller undulations between plies. In retrospect, testing cut-off surface pairs from the 
insert film region of G986/M36 delamination specimens and comparing with tests on 
the equivalent G986/M21 specimens would reveal the consistency of this claim.  
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Figure 5-3: Friction coefficient versus sliding displacement for different test cases 
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The surface undulation and the varying relative fibre orientation between surfaces 
account for the shape of the curves. Insert film specimens have distinct behaviour. The 
load peaks with a periodicity of 2-3mm, which is similar to the width of the fibre 
bundle. The width and orientation of the fibre bundle determines the profile of the 
undulations. Sliding is arrested every 2-3mm until the load rises and then the surfaces 
are released again. This reflects observations during mode II delamination testing, 
where any occurrence of stick-slip behaviour would cause crack propagation for a 
length of 2-3mm or infrequently 5-6mm (twice as much). The size of the micro-
cracking region was also between 2-3mm for G986/M21, while it was close to 5mm for 
G986/M36. The latter material does not exhibit significant load peaks when the initial 
surfaces are detached. 
 
 
 
Figure 5-4: Effect of relative fibre orientation (left) and laminate thickness on the friction 
coefficient. 
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Fibre orientation influences the friction coefficient significantly [111]. The significance 
of the role of the fibres can be appreciated also in Figure 5-4. The ±45  mixed mode 
surface pair was generated from the delamination of a T-joint, subjected to a pull-off 
load. The significance of the surface undulations is portrayed in the same figure. The 
curves presented correspond to different specimen thicknesses. The friction coefficient 
appears to increase with increasing laminate thickness. This can be due to increasing 
surface undulation with increasing thickness; however the number of samples with 
smaller thickness is too low for definite conclusions to be reached.  
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Figure 5-5: Effect of fracture mode on the friction coefficient 
 
Figure 5-5 presents the effect of fracture type on the measured friction coefficient for 
both UD and woven materials. The difference between mode I and mode II fracture 
surfaces is illustrated in Figure 5-6. Mode II fracture in woven composites displays 
multiple cracking and a tortuous crack patch, frequently changing interfaces, as 
discussed in section 2.4. This exposes laminate fibres, as depicted in Figure 5-6c, 
increasing significantly the contact friction between surfaces. 
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(a) (b) 
(c) (d) 
Figure 5-6: (a-b) SEM of a typical resin rich G986/M21 mode II fracture surface and an 
equivalent mode I fracture surface, (c-d) SEM of a typical G986/M21 mode II fracture surface 
with fibre bundle damage and an equivalent mode I fracture surface. Arrow denotes crack 
advance direction 
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5.3 Z-pin behaviour under shear loading 
 
The test configuration described in this section aims at isolating and measuring the 
contribution of the Z-pins to the shear fracture toughness of a Z-pinned composite 
specimen. It imposes shear loading onto a block of Z-pins contained in a composite 
specimen while constraining the allowed opening displacement (“Z-shear”). The 
configuration is a development of the single pin shear rig by Cartié [20]. The objective 
behind using a block of Z-pins instead of a single pin is to eliminate the effect of 
manufacturing variability between specimens.  
 
5.3.1 Description of Test & Test cases 
 
The test configuration and the specimen dimensions are illustrated in Figure 5-7. The 
test cases examined are listed in Table 5-1. Both UD (IM7/M21) and woven 
(G986/M21) specimens were manufactured. Combinations of three separate Z-pin 
densities, both Z-pin diameters and five separate insertion depths were considered. 
Results include the work of Ferrari [113], and his contribution is denoted in the table. 
The number of Z-pins contained in each kind of specimen was dictated by the capacity 
of the load cell used; the maximum resistance force generated by the Z-pins should not 
exceed a force of 5kN. The upper part of the rig is fixed to the load cell and held in 
place by a steel loading pin. The downward motion of the lower part introduces the 
shearing load. Although the load cell is fixed to the machine, its protruding connection 
is only supported inside the load cell. Inspection during initial testing revealed that 
under increased loads (above 1.5kN), the protruding load cell connection could rotate 
and introduce an opening displacement. To prevent any unexpected load cell rotation, a 
rolling cylinder was added to the upper part of the rig. The cylinder was made of steel 
and was supported only by contact forces against a rigid extension of the machine 
frame. Experimentation, excluding specimen use, confirms that no additional friction 
forces were imposed on the load cell; alterations of the load cell reading, due to 
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deliberate sliding movement of the rolling cylinder by hand, were in the range of 10N to 
30N for loads in the range of 2kN to 3kN. 
Figure 5-7: “Z-Shear” test rig and specimen dimensions 
 
The upper connection of the rig to the load cell, as well as the bolts and the loading pin 
are made of steel. The central part and the base of the rig are made of aluminium. The 
A 
B 
Response to Mode II Loading                                                                                               113 
 
central pieces of the rig are positioned in aligning channels to ensure satisfactory 
enclosure of the specimen. The projecting lips have a height of 1.5mm, facilitate load 
application and secure the specimen in position during the test. Specimens have insert 
film in the middle plane and are held together only by Z-pins. Nominal specimen 
thickness was 6.6mm for G986/M21, and 6mm for IM7/M21. The angle of Z-pin 
insertion used was normal to the plane of the specimen. Any deviations in angle were a 
result of additional ply consolidation during cure (see section 3.4.1). 
 
Material Density (%) 
Diameter 
(mm) 
Insertion 
depth (mm) 
No. of 
Samples 
Tested* 
by 
G986/M21 0.5 0.5 Full 2 T 
G986/M21 1 0.28 Full 2 T 
G986/M21 1 0.28 3.6 2 T 
G986/M21 1 0.5 Full 2 T 
G986/M21 2 0.28 Full 2 T 
G986/M21 2 0.5 Full 8 T & F 
G986/M21 2 0.5 4.2 4 F 
G986/M21 2 0.5 3.6 2 T 
G986/M21 2 0.5 3.2 4 F 
G986/M21 2 0.5 1.8 5 F 
IM7/M21 (UD) 0.5 0.5 Full 1 T 
IM7/M21 (UD) 1 0.28 Full 4 T 
IM7/M21 (UD) 1 0.28 3 2 T 
IM7/M21 (UD) 1 0.5 Full 2 T 
IM7/M21 (UD) 2 0.28 Full 2 T 
IM7/M21 (UD) 2 0.5 Full 4 T 
IM7/M21 (UD) 2 0.5 3 2 T 
Table 5-1: “Z-Shear” test cases. (*T stands for Troulis, F for Ferrari) 
 
The sliding displacement is measured using both the crosshead extension and a clip 
gauge mounted at points A and B in Figure 5-7. The measurement obtained from 
crosshead displacement is used in the results, as no difference was observed compared 
to the clip gauge measurement (Figure 5-8). The latter displays irregularities, associated 
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with load changes, corresponding to stages of Z-pin failure, and is therefore not used in 
the presentation of results. 
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Figure 5-8: Comparison of the clip gauge reading to the crosshead displacement ratio, and the 
load per Z-pin (UD IM7/M21, 1%, 0.5mm, fully pinned). 
 
5.3.2 Effect of Z-pin diameter 
 
Figure 5-9 presents a typical load trace of the Z-shear test for a woven fabric specimen. 
Load is plotted against displacement normalised to the Z-pin diameter. Specimens with 
both diameter Z-pins are depicted, pinned through the whole thickness (7mm insertion 
depth). In specimens of 0.28mm Z-pin diameter failure occurs reproducibly when 
displacement reaches 1.8 times the Z-pin diameter. For 0.5mm Z-pins failure ranges 
from a normalised displacement of 1.8 to 2.5. 
 
Figure 5-11 depicts the equivalent load trace for UD specimens with a full insertion 
depth. A completely different type of failure is evident, at a displacement many times 
the Z-pin diameter. 
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Figure 5-9: Load as a function of normalised displacement for Z-pinned woven fabric 
G986/M21 under shear loading (full insertion depth). 
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Figure 5-10: Load as a function of normalised displacement for Z-pinned UD IM7/M21 under 
shear loading (full insertion depth) 
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(a) 
 
(b) 
Figure 5-11: SEM image of failure of a 0.28mm diameter Z-pin under shear loading; (a) in UD 
IM7/M21, (b) in woven fabric G986/M21. Arrow denotes test direction. 
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Figure 5-11 displays images of failed 0.28mm diameter Z-pins for the UD and the 
woven case. The Z-pin is able to plough through the resin rich area within its own resin 
pocket in UD, while it is significantly constrained in woven fabric. Extensive splitting 
and pullout is evident in UD; a shear type of failure dominates in woven fabric. 
 
Using images obtained during the Z-shear test and standard imaging software, the 
relative sliding and opening displacements were measured; the measurement was 
straightforward as no bending is present. The distance between the outer surfaces of the 
specimen was measured to determine the opening displacement, as it produces more 
accurate and reproducible results. Marks drawn on the side of the test specimens after 
preparation with a correction fluid, facilitates the sliding displacement measurement. 
Figure 5-12 displays a sequence of test images, from which such measurements can be 
taken. Lines drawn are 5mm apart and are used as the reference length.  
 
   
Figure 5-12: Sequence of digital images of a specimen under test 
 
Opening displacement is constrained during the test, as the specimen is positioned 
between the aluminium loading blocks. The constraint is not complete, as the more 
compliant aluminium loading blocks can accommodate some opening displacement; the 
actual amount is a feature of the test rig. However, since the loads reached during the 
test are similar for all specimens, any difference in the measured opening displacement 
is a specimen characteristic. Comparison of the measured opening displacement 
between specimens is therefore valid. 
 
In woven fabric Z-shear specimens a certain amount of opening displacement is 
necessary, since the sliding surfaces of the specimen are undulated. More lateral space 
Increasing sliding displacement 
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is required after they detach from their initial position. In order to establish whether the 
imposed opening displacement is a feature of the woven fabric laminate or the Z-pins, 
an additional specimen containing no Z-pins was tested. The two halves of the specimen 
are held together with the help of some ‘tacky tape’ before positioning in the test rig. 
Figure 5-13 displays the opening displacement of G986/M21 Z-shear specimens plotted 
against the sliding displacement for 0.28mm and 0.5mm diameter Z-pins, as well as the 
unpinned specimen. Both opening and sliding displacements are normalised by the Z-
pin diameter. The measurements from the unpinned specimen are normalised to both Z-
pin diameters for comparison; thus, two traces for the unpinned specimen are plotted. 
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Figure 5-13: Comparison of opening versus sliding displacement in woven fabric G986/M21 
“Z-shear” specimens (full insertion depth only) with unpinned case. 
 
The opening displacement imposed in the Z-pinned woven fabric specimens occurs for 
very low sliding displacements compared to the unpinned sample. This indicates that 
the presence of the Z-pin introduces an opening displacement, independently of the 
laminate material. The ratio of normalised opening to normalised sliding displacement 
is similar for both Z-pin diameters; only the maximum values reached differ. 
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Figure 5-14 depicts the equivalent normalised opening to sliding displacement ratio for 
UD IM7/M21. The ratio is different for each Z-pin diameter and independent of the 
insertion depth. As expected from the load versus displacement traces, the sliding 
displacement required for a certain opening displacement to be reached is significantly 
higher than in woven fabric specimens. 
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Figure 5-14: Comparison of opening versus sliding displacement in UD IM7/M21 “Z-shear” 
specimens of different Z-pin diameters. 
 
5.3.3 Effect of Z-pin density 
 
Figure 5-15 displays load versus normalised displacement traces of woven specimens 
with 0.5mm diameter Z-pins for different pinning densities. The load has been 
normalised by the number of Z-pins. The curves of the lower pinning density specimens 
exhibit a steeper slope. Moreover, the normalised displacement to failure is increasing 
with increasing pinning density. Low pinning density specimens with 0.5mm diameter 
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Z-pins exhibit normalised displacement to failure similar to specimens with 0.28mm 
diameter Z-pins.  
 
No effect of pinning density was observed for 0.28mm Z-pin diameter woven fabric 
specimens or for any of the UD specimen cases, for the Z-pin densities used in this 
study. 
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Figure 5-15: Effect of pinning density on traces of load versus normalized displacement of 
0.5mm diameter Z-pins in woven fabric G986/M21 under shear loading. 
 
5.3.4 Effect of angle 
 
Cases where the Z-pin angle deviated from normality to the plane of the specimen were 
also tested. The angle was determined as the average of the angle of the Z-pins on a side 
of the specimen, where Z-pins were visible. If no visible row of Z-pins existed, the 
angle was measured after the test; the specimen side was polished down to the next row 
of pins to facilitate Z-pin angle measurement using a microscope. Z-pins with 
inclination towards the relative sliding direction are considered to have a positive angle; 
opposite inclination signifies a negative Z-pin angle. 
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Figure 5-16 presents the effect of angle on the load versus normalised displacement 
trace of UD specimens with 0.5mm diameter Z-pins. A positive angle aligns the Z-pin 
to the sliding direction. Pullout is assisted and a lower peak load is recorded. A high 
negative angle results into a higher peak load and premature failure relative to the zero 
angled Z-pin; the ratio of Z-pin splitting to pullout is increased. If a low negative angle 
is present, the Z-pin appears to re-align through ploughing. The curve presented for a Z-
pin with an angle of -9 , is similar to that of the zero angled Z-pin, shifted to the right 
on the plot. Similar trends have been observed in a previous study on the effect of Z-pin 
angle UD laminates [20]. 
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Figure 5-16: Effect of Z-pin angle on load versus normalized displacement of 0.5mm diameter 
Z-pins in UD IM7/M21 under shear loading 
 
Observations in woven fabric specimens reveal similar trends. Figure 5-17 depicts the 
effect of Z-pin angle in G986/M21 with 0.28mm diameter Z-pins. Similarly to the UD 
case, a positive angle assists Z-pin pullout and a negative angle results in premature 
failure. However, the peak load is lowest with a negative Z-pin angle and highest when 
the Z-pin is normal to the specimen plane. 
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It has to be noted that the differences in trends can be an effect of material as well as an 
effect of the different Z-pin diameter. Results in this study do not fully characterize the 
difference of the effect of Z-pin angle between UD and woven fabrics.  
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Figure 5-17: Effect of Z-pin angle on load versus normalized displacement of 0.28mm diameter 
Z-pins in woven fabric G986/M21 under shear loading 
 
5.3.5 Effect of insertion depth 
 
Figure 5-18 illustrates the effect of insertion depth on Z-pin failure in UD laminates 
under shear loading. Specimens with a positive angle exhibit Z-pin pullout; a decreased 
insertion depth leads into premature failure, as the shorter Z-pin pulls out at a lower 
displacement. In specimens with a negative angle, a change in the type of failure occurs; 
the Z-pin is allowed to partly re-align and pullout. The failure is again premature due to 
the decreased length of the Z-pin. Decreased insertion depth facilitates Z-pin pullout in 
both cases. 
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Figure 5-18: Effect of insertion depth on load versus normalized displacement of 0.5mm 
diameter Z-pins in UD IM7/M21 under shear loading 
 
 
Figure 5-19 displays load versus displacement curves obtained in testing of woven 
fabric specimens with 0.5mm diameter Z-pins for five separate insertion depths. In 
specimens pinned throughout the whole thickness, failure initiates late and is 
catastrophic in manner. Complete failure occurs at a normalised displacement of 2.5. In 
specimens with a 4.2mm insertion depth failure initiates slightly earlier. Effective 
failure occurs at a similar normalised displacement, but it is not complete; a small 
portion of load can be sustained for a further 0.5 of normalised displacement. A further 
reduction in insertion depth (3.6mm case) does not exhibit differences in the failure 
initiation load. However, the failure is progressive and extends significantly after 2.5 of 
normalised displacement. Further reduction of the insertion depth reduces the both the 
failure initiation load as well as the required normalised displacement to failure. 
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Figure 5-19: Effect of insertion depth on load versus normalized displacement of 0.5mm 
diameter Z-pins in woven fabric G986/M21 under shear loading 
 
Figure 5-20 illustrates the differences in failure type, relative to the changing insertion 
depth. In the first image (a), the pins have pulled out completely from the side where the 
Z-pins are chamfered. The pullout length, the length of the pins protruding from the 
laminate, is 0.9mm, exactly half of the insertion depth. The progressive pullout is 
reflected in the continuous shape of the load versus displacement curve. In the second 
image (b), the pin has split and failed; the protruding length then pulled out of the 
laminate. This explains the two stage failure observed from the experimental curve. 
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Figure 5-20: SEM images of Z-pins in woven fabric G986/M21 under shear loading for 
different insertion depths, (a) 1.8mm (b) 3.2mm, (c) 4.2mm, and (d) full (7mm) 
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The next image (c) indicates minor pullout of small fibre bundles of fibres from the Z-
pin. The type of failure, however, is mainly splitting and extensive bending of the Z-pin 
fibres, as well as a certain amount of resin damage through minor ploughing. The last 
image exhibits a different type of failure. Significant resin crushing has allowed a small 
bundle of the Z-pin to pullout. The Z-pin has failed predominately in shear. It has to be 
noted that in all images the local laminate fibre direction is the same and is identical to 
the sliding displacement. 
 
It can be argued, that the sustained load after main failure in the load versus normalised 
displacement curve for some cases (namely for 3.2mm and 4.2mm insertion depth) can 
be the result of friction. As few of the Z-pins pullout and wedge themselves between 
specimen halves, friction increases. The additional load measured due to friction can be 
identified at the end of the test; the load measured after failure will be caused by 
friction. While the specimen is still in the fixture, the displacement is operated manually 
in both directions and the maximum load is recorded. This procedure was applied for a 
small number of specimens, which were afterwards eliminated from post-mortem 
microscopy. The load measured was between 60N to 90N; compared to the full load for 
the whole specimen (ranging between 2kN to 3kN) a percentage of 5% at maximum is 
deduced. This is lower than the value of sustained load apparent in the figure. This 
implies that the difference in the shape of the curves is indicative of a difference in the 
failure mechanism. 
 
Figure 5-21 displays the different amount of opening displacement imposed due to Z-
pin presence for different insertion depths. The ratio of opening to sliding displacement 
is consistent for insertion depths of 3.6mm or higher. As the insertion depth increases 
further than 3.6mm, the opening increases.  
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Figure 5-21: Comparison of opening versus sliding displacement in woven fabric G986/M21 
“Z-shear” specimens for different insertion depths 
 
5.3.6 Geometric considerations 
 
With the opening constraint being a property of the testing fixture, two main additional 
influencing parameters have been identified, as long as the type of failure is concerned; 
the Z-pin insertion depth-to-diameter aspect ratio, and the laminate material type. With 
regard to the latter parameter, significant difference exists in the amount of Z-pin 
‘ploughing’ between woven fabric and UD material. A further implication is the effect 
of the stacking sequence. This is apparent in the woven fabric, as the orientation of 
laminate fibres at the delamination plane varies between 0 /0 , 0 /90  and 90 /90  
interfaces, with regards to the sliding direction. The effect of laminate fibre orientation, 
or, equivalently, of the stacking sequence is illustrated in Figure 5-22; the two extreme 
instances of partial pullout and laminate fibre damage are depicted.  Although an 
additional effect of Z-pin angle on the obtained experimental curves has been observed, 
its effect on the failure type has not been fully investigated. 
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(a) 
 
(b) 
Figure 5-22: Effect of laminate fibre orientation of the interface in the delamination plane on 
the failure type of Z-pins; (a) failure of a 0.5mm diameter Z-pin with full insertion depth at a 
90 /90  interface, (b) failure of a 0.5mm diameter Z-pin with full insertion depth at a 0 /0  
interface. 
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5.3.7 Z-pin energy absorption in shear 
 
The area under the load versus displacement traces contains the amount of energy 
dissipated through fracture. The dense mesh of measurements obtained during the tests 
allows the accurate integration of this energy using the trapezoid method. There are two 
approaches regarding the calculation; integrating up to a certain displacement or 
integrating until ultimate failure. Using the first approach, the superior performance of 
Z-pins with 0.5% density in woven fabric can be demonstrated; the increased area under 
the experimental curve in Figure 5-15 for small displacements is apparent.  
 
For the evaluation of the effect of insertion depth, the second approach was adopted. 
The area under the load versus displacement curves was calculated until the point where 
the load decreases down to 5% of the maximum recorded. Any effect of friction is 
therefore partly eliminated. Figure 5-23 displays the energy absorbed by 0.5mm 
diameter Z-pins in woven fabric as a function of the insertion depth. The scatter is one 
time the standard deviation. 
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Figure 5-23: Energy dissipated by a single 0.5mm diameter Z-pin under shear loading, using 
the ‘Z-shear’ configuration for woven fabric G986/M21 
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In combination with the microscopy images, the shape of the load versus displacement 
curves and the change in opening to sliding ratio, this figure indicates a change in 
fracture mechanisms with insertion depth. Apparently, there is a certain insertion depth 
where the energy that can be potentially absorbed is highest. 
 
Figure 5-22 presents the equivalent plot for Z-pins of both diameters in UD material. 
The dominance of pullout as a failure mechanism is indicated from the fact that the 
amount of energy dissipated is a close to linear function of insertion depth. For 0.28mm 
diameter Z-pins the energy is half for half the insertion depth. For 0.5mm diameter Z-
pins, this is not the case. However, tests of UD specimens with full insertion depth were 
stopped before ultimate failure, due to the restricted available displacement of the clip 
gauge (5mm). 
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Figure 5-24: Energy dissipated by a single Z-pin under shear loading, using the ‘Z-shear’ 
configuration for UD IM7/M21 
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5.3.8 Z-pin failure mechanisms under shear loading 
 
In mode II the failure mechanism is a function of the crack opening constraint, material 
type, stacking sequence and insertion depth to Z-pin diameter ratio. Figure 5-25 
illustrates a single Z-pin under shearing loading conditions. Ideally, the pair of shearing 
forces lies on parallel axes marginally distanced from each other. As the distance 
between them increases, the ratio of bending to shear (of the Z-pin) increases. The 
distance between the applied forces depends on the ply geometry of the laminate. A 
resin rich area surrounds the Z-pin. The Z-pin can crush the resin and plough into the 
resin rich area under lateral loading. Laminate fibres at a 0  angle relative to the lateral 
displacement of the Z-pin provide little constraint, while fibres at a 90  angle provide 
the most. The amount of constraint will therefore vary with fibre orientation above and 
below the displacement (or delamination) plane. The distance between the equivalent 
pair of shearing forces varies with it. This distance is usually considerable compared to 
the Z-pin diameter, as the Z-pin tends to plough even under the maximum constraint; 
local fracture of 90-degree fibres due to Z-pin ploughing has been observed. This 
induces a local bending load on the Z-pin. In combination with resin crushing and the 
developing space, the Z-pin is allowed to incline locally according to the bending 
loading. 
 
The highly orthotropic properties of the Z-pin tend to favour failure in longitudinal 
shear (splitting) under lateral loading. Splitting separates the Z-pin into numerous fibres. 
Since the diameter of each Z-pin constituent fibre is significantly smaller than the Z-pin 
diameter (7-10 m), the bending to shear loading ratio increases further. Z-pin fibres are 
loaded less in shear and more in tension, since they are allowed to align with the lateral 
displacement axis more easily after splitting occurs. For the latter to happen, at least a 
minor amount of stretching or pullout of the Z-pin is required. If the inserted depth of 
the Z-pin can resist the pullout due to the tension loading of the Z-pin fibres, while the 
constraint against ploughing is severe both above and below the displacement plane, the 
Z-pin will fail in shear. If a debonded Z-pin experiences initial pullout, the change in the 
frictional tractions on the Z-pin, as it is pressed against the constraining laminate due to 
ploughing (also called ‘snubbing’ effect [74]), can constrain further pullout; 
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delamination planes exhibit failed Z-pins protruding marginally from both fractured 
surfaces. If pullout commences, an opening displacement is introduced to accommodate 
the unbroken Z-pin fibres between the laminate plies, since the amount of possible 
lateral ploughing of the Z-pin is finite. 
 
 
Figure 5-25: Z-pin under shear loading 
 
The amount of opening displacement introduced depends on the initial loading mode 
ratio and the constraint against crack opening. A laminate constraint by other sub-
components of a structure or a laminate of significant thickness allows smaller opening 
displacements to be introduced. The failure mode of the Z-pin, as the lateral 
displacement continues to increase, is a combination of pullout, fibre fracture and resin 
crushing. The amount of energy absorption depends on this balance.  
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5.4 Validity of the crack measurement in 4ENF delamination 
testing of Z-pinned laminates 
 
The effects of friction and Z-pin presence are reflected in the mode II delamination 
testing of Z-pinned laminates. Before combining all this information together with 
toughness measurements from mode II delamination tests, it is important to ensure that 
the toughness measurement is meaningful. The applicability of typical data reduction 
techniques to Z-pinned laminates is examined in this section. 
 
5.4.1 Coalescence of microcracks 
 
Crack measurement is performed by eye during a delamination test. Following a crack 
during a mode I delamination test is straightforward. Unless the crack is moving 
between plies, as when testing a cross-ply specimen, the crack tip is easily 
distinguishable. Magnifying lenses and travelling microscopes enable accurate crack 
measurement. Still, a convention has to be adopted, as to what is considered to be a 
crack. The side of a delamination specimen is coated with correction fluid. As the crack 
propagates, two characteristic areas close to the crack tip can be identified. One, where 
a barely visible line appears on the correction fluid, but still no gap is visible. This line 
is typically 1mm long. The second area is where a gap is visible and the line is therefore 
black. Testing can be valid when the edge of one of these lines is always considered to 
be the crack tip in all specimens. This is one reason why there can be variations in the 
toughness measurement of the same material between different labs. The position of the 
actual crack tip may be offset compared to the indication on the side of the specimen, 
and has been observed to be so in glass fibre specimens with transparent matrix, where 
the crack is also visible from above, through the specimen [106]. This, however, cannot 
be verified in carbon fibre specimens during testing.  
 
As for mode I tests, a similar convention is necessary for mode II. The difficulty with 
following a crack in mode II is that there is no visible gap close to the crack tip. The 
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crack is a much finer line than a mode I crack. High magnifications have to be used. 
Additionally, visible cracking takes place further than the continuous line of the main 
crack in the shape of crazes or hackles (microcracking). These increase in number and 
size and finally coalesce in one crack. This is typical for crack propagation under mode 
II loading. It is therefore important that one is consistent with the application of one’s 
convention. Figure 5-26 illustrates how a crack propagates in mode II and where the 
crack tip is considered to be in each case. In this study a magnification of  21 was used. 
The length of the area covered with microcracks in woven fabric specimens tested 
(G986/M21 and G986/M36) was between 2mm and 5mm.  
 
 
(a) (b) (c) 
Figure 5-26: Examples of visible crack paths and crack branching at the edge of the 4ENF 
specimen; point selected as crack tip displayed 
 
Inaccuracies in crack measurement can be enlarged when the difficulty to establish the 
exact location of the crack tip results in a reduction on the number of measurements. As 
explained in section 4.1, a fine mesh of measurements is important to the data reduction. 
 
Another aspect is the effect of the material on the crack path. In woven specimens the 
crack path is hardly self-similar, as explained in section 2.4. Crazes up to 2 or 3 plies 
above and below the crack plane are not uncommon, further hindering the measurement.  
Figure 5-27 depicts C-scan images of unpinned woven mode II specimens with 4.4mm 
thickness, revealing the delamination front. In both specimens the delamination front 
appears perpendicular to the specimen length; however the beam is not fully cracked 
behind the crack front. The pattern of the crack path is dictated by the pattern of the 
weave. 
Crack tip Crack tip Crack tip 
Direction of crack propagation 
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(a)    (b)     
Figure 5-27: C-scan images revealing the delamination front in unpinned woven specimens 
 
5.4.2 Accuracy of measurement – Regression coefficient 
 
Compliance calibration data are obtained during the test. Compliance calibration data 
are fitted linearly after the test to determine the slope of compliance change, m, 
according to equation (5-3). The regression coefficient shows the accuracy of the fitting 
and subsequently the accuracy of the measurement. A regression coefficient above the 
value of 0.99 is considered acceptable. Despite all efforts to obtain a high regression 
coefficient, it remained under the suggested value. Figure 5-28 displays the regression 
coefficient of G986/M21 specimens of 6.6mm thickness and different sets of Z-pinning 
parameters. Specimens with regression coefficients lower than 0.94 were withdrawn 
from results, on the basis that an additional source for the low coefficient value was a 
poor crack length measurement during the test. 
 
Figure 5-29 displays compliance calibration curves of two Z-pinned specimens. 
Specimen thickness is 6.6mm. The path of the data points descends for crack lengths 
between 55mm and 65mm. As the crack propagates further, the inclination of the data 
path increases again. This phenomenon is common among all Z-pinned specimens, at 
different magnitudes. The source is the thickness variation of the manufactured 
specimens. The thickness is at its maximum close to the centre of the 25mm long block 
of Z-pins inserted in the specimens, which is close to the point of change of inclination 
of the compliance curve. The effect on the accuracy of the crack measurement becomes 
apparent by observing the low regression coefficients of the specimens in the figure. 
 
Direction of crack 
propagation 
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Figure 5-28: Compliance calibration regression coefficients of 6.6mm thick G986/M21 
specimens for different test cases; error bars show the standard deviation 
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Figure 5-29: Compliance calibration curves of two specimens with 6.6mm thickness 
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5.4.3 Alternative data reduction methods  
 
The use of beam theory for data reduction requires the use of material data for the 
determination of the fracture toughness. Moreover, the experimental compliance 
methods generally provide more conservative values [101,105]. In both the ELS and 
4ENF test configurations, the modulus E required to match beam theory with 
experimental data is usually 10% to 20% higher than the independently measured 
modulus of the material [101,105]. The inclusion of the crack length in the final 
expression of the delamination toughness for the ELS test configuration allows the 
errors in crack length measurement to be evaluated. This is achieved by rearranging the 
corrected beam theory expression for the toughness with respect to the crack length and 
the incorporation of the measured compliance [105]. Such an evaluation is not possible 
when using the 4ENF test configuration, since the measured delamination toughness is 
independent of the crack length. 
 
Furthermore, the sensitivity of the accuracy to determine the delamination toughness to 
the value of the modulus [102], is attenuated in Z-pinned specimens, as the modulus 
varies along the specimen length. The experimental compliance method is used in this 
study.  
 
5.4.4 Introduction of a uniform compliance calibration slope m 
 
The significance of the exact value of the slope of the experimental compliance 
calibration curve can be appreciated from equation (5-2). Any miscalculations of the 
slope m, due to deficient linear fitting of the compliance calibration curve, will be 
reflected in the calculation of the delamination toughness.  
 
To reduce errors in determining the compliance, two techniques are recommended 
[107]. One is defining the compliance from the load versus displacement curve, which 
means tests are conducted in a load-unload-reload manner. The applicability of the 
technique with Z-pinned specimens is questionable, since unloading introduces 
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additional damage to the Z-pins, altering the delamination resistance they provide. The 
second technique involves performing the compliance calibration beforehand, as with 
the ENF test. 
 
In order to appreciate the complete effect of Z-pinning on the flexural behaviour of a 
delaminating beam, a different type of specimen was manufactured. This delamination 
specimen contains Z-pins in the upper and lower half of its thickness only; no Z-pins 
protrude from one half into the other. Figure 5-30 illustrates the Z-pin layout. 
Manufacturing was achieved by partially Z-pinning each half of the laminate before 
stacking the two halves together. Two plies of material remained unpinned in each half 
of the specimen to prohibit any penetration of the middle plane by Z-pins during cure. 
This type of specimen will be referred to as “Z-Pinned Control” (ZPC). The dimension 
of the Z-pin block inserted is identical to all Z-pinned specimens (25mm long). Two 
6.6mm and two 4.4mm thick specimens were manufactured. For each thickness, one 
specimen was Z-pinned with 2%, 0.5mm diameter pins and the second with 2%, 
0.28mm pins. The crack interface remains identical to that of the unpinned specimens. 
Any discrepancies in delamination toughness originate from the altered flexural 
behaviour. Figure 5-31 contrasts the delamination toughness of ZPC specimens against 
unpinned ones. 
 
Figure 5-30: Z-pin layout of a Z-Pinned Control (ZPC) specimen 
 
Z-pins Insert film (PTFE) 5mm 
25mm 
2 plies 
4 plies 
2 plies 
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Figure 5-31: Delamination toughness of unpinned and ZPC woven (G986/M21) specimens for 
4.4mm and 6.6mm laminate thickness 
 
The regression coefficient of ZPC specimens is similar to that of the unpinned 
specimens and is close to the suggested value of 0.99. The slope m of the ZPC 
specimens was used in the calculation of the delamination toughness for all Z-pinned 
specimens instead of the slope deduced from each test. This would negate the 
emergence of errors in the delamination toughness calculations, caused by inaccurate 
compliance calibration slope values. An example of the variation of the slope m 
deduced from tests, and subsequently an indication of the potential error introduced in 
the delamination toughness calculation without the aforementioned correction, is 
illustrated in Figure 5-32.  
 
In support of the application of the correction procedure, Figure 5-33 displays the mode 
II delamination toughness of high density Z-pinned specimens (4% density, 0.5mm Z-
pin diameter) in contrast to unpinned specimens. Specimen thickness is 6.6mm. Figure 
5-33a has been produced without correction, while Figure 5-33b includes the correction. 
Average values are displayed, as well as the upper and lower bounds of the 
measurements for Z-pinned specimens. 
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Figure 5-32: Compliance calibration slope m of 6.6mm thick G986/M21 specimens for different 
test cases 
 
Before the correction, in Figure 5-33a, the delamination toughness of the Z-pinned 
specimens is initially lower than the toughness of the unpinned specimens, despite the 
fact that no difference exists between them in the first 5mm of crack length, before the 
crack propagates past the first row of Z-pins. The curve rises to a value similar to the 
unpinned case and propagation stops around 72mm of crack length. During the 
experiment, the crack was completely arrested and the Z-pinned specimens failed in 
bending. According to Figure 5-33a, propagation should have continued.  
 
After applying the compliance calibration slope correction, in Figure 5-33b, the source 
of crack arrest is apparent. The delamination toughness at the point of arrest is twice the 
toughness of the unpinned specimens. A rise in the Z-pinned R-curve above the 
unpinned R-curve for a crack length of 55mm can also be observed, which corresponds 
to the position of the first row of Z-pins. 
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Figure 5-33: Delamination toughness of woven Z-pinned specimens (G986/M21, 6.6mm thick, 
4% density, 0.5mm Z-pin diameter) without (a) and including (b) compliance correction. 
Average values and upper and lower bounds displayed 
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5.5 4ENF mode II test cases 
 
Table 5-2 displays the test cases included in the presentation of results. 
 
Material Thickness (mm) Density (%)
Diameter 
(mm) 
Insertion 
depth (mm) 
No. of 
samples 
G986/M21 6.6mm --- --- --- 5 
G986/M21 6.6mm (ZPC) (ZPC) (ZPC) 2 
G986/M21 6.6mm 0.5 0.5 Full 3 
G986/M21 6.6mm 1 0.28 Full 3 
G986/M21 6.6mm 1 0.28 3.6 2 
G986/M21 6.6mm 1 0.5 Full 2 
G986/M21 6.6mm 2 0.28 Full 4 
G986/M21 6.6mm 2 0.5 Full 3 
G986/M21 6.6mm 2 0.5 3.6 2 
G986/M21 6.6mm 4 0.5 Full 4 
G986/M21 4.4mm --- --- --- 6 
G986/M21 4.4mm (ZPC) (ZPC) (ZPC) 2 
G986/M21 4.4mm 0.5 0.5 Full 2 
G986/M21 4.4mm 1 0.5 Full 2 
G986/M21 4.4mm 2 0.28 Full 1 
G986/M21 4.4mm 2 0.5 Full 6 
G986/M21 4.4mm 2 0.5 2.2mm 2 
G986/M21 4.4mm 4 0.28 Full 1 
G986/M21 4.4mm 4 0.5 Full 1 
G986/M21 4.4mm 4 0.5 2.2mm 1 
G986/M36 6.6mm --- --- --- 2 
G986/M36 6.6mm 1 0.28 Full 2 
G986/M36 6.6mm 1 0.28 3.6 2 
G986/M36 6.6mm 2 0.5 Full 2 
G986/M36 6.6mm 2 0.5 3.6 2 
Table 5-2: 4ENF mode II test cases 
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Details on ZPC type specimens have been presented in section 5.4.4. The delamination 
toughness of all pinned specimens has been corrected to the experimental compliance 
calibration slope of the ZPC specimens, as discussed in section 5.4.4. 
 
 
5.6 Mode II results: identification of parameter effects 
 
The following mode II delamination results illustrate that Z-pinning enhances mode II 
delamination toughness. However, it is more important to present the results in a way 
that aids the identification of any effects the Z-pinning and material parameters have on 
the delamination toughness. 
 
5.6.1 Effect of laminate thickness 
 
The suggested thickness for a 4ENF mode II test of a carbon fibre/epoxy laminate is 
3mm. Similarly to mode I, the thickness should not affect the measurement of the 
delamination toughness, when no fibre bridging is present. Figure 5-34 presents the 
mode II delamination toughness of G986/M21 for beam thicknesses of 4.4mm and 
6.6mm. The specimens presented are unpinned. Average propagation curves are 
presented, as well as the upper and lower bounds for each thickness. It is clear that 
thickness affects the measurement significantly. Apart from the fact that propagation 
values are significantly different, initiation values are also far apart. 
 
Establishing initiation values for both woven materials G986/M21 and G986/M36 using 
the 4ENF configuration has proven difficult. Measuring the initiation toughness is made 
difficult by problems associated with obtaining an accurate determination of the crack 
length, as explained in section 5.4. Alternative methods can be implemented, when 
determination of the initiation is not possible. One of them is by determining the point 
of initiation of non-linearity on the load displacement curve. 
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Figure 5-34: Mode II delamination toughness of G986/M21 for different thicknesses; 4.4mm 
and 6.6mm 
 
Application of this method results into labelling points on the experimental curve as 
initiation points, up to which a crack of over 3mm or 4mm was already observed 
visually. The increased thickness of the specimens in conjunction with the high 
toughness resin system [100] decrease the efficiency of this method; non-linearity due 
to large displacements in this configuration is of a softening form and can be confused 
with the non-linearity associated with initiation [82,88]. The second method of taking 
the intersection point of the experimental curve with a line drawn from the origin and 
offset by a 5% compliance increase from the original specimen compliance, determined 
by the linear portion of the experimental curve, did not produce an intersection point.  
 
Figure 5-35 depicts the delamination toughness of UD IM7/M21 for beam thicknesses 
of 3mm, 4mm and 6mm. The R-curves are predominately flat, and the toughness 
between different thicknesses is similar; only the 3mm thick specimen exhibits a lower 
toughness value. It has to be noted, that only one specimen from each thickness was 
tested. The difference with the woven fabric specimens is apparent. 
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Figure 5-35: Mode II delamination toughness of unpinned UD IM7/M21 for different 
thicknesses; 3mm, 4mm and 6mm 
 
When performing delamination tests, specimens are assumed to be deformed in the 
elastic domain only. This is a prerequisite for the validity of the data reduction method. 
After testing 4.4mm woven samples, permanent deformations were observed. These are 
believed to have been inflicted at crack lengths above 80mm. The data after that point 
cannot be trusted for 4.4mm laminates. No unloading curves were obtained.  
 
The reason for the appearance of an effect of thickness in unpinned woven laminates 
may only be attributed to fibre architecture. Looking back at the friction tests in section 
5.2.1, there was an increase resistance during the initial detachment of the woven 
cracked surfaces, not observed with UD material. Specimens of different thicknesses 
fail under different loads and different crosshead displacements during mode II 
delamination testing. Thin specimens undergo an additional amount of bending 
compared to thick specimens; 4.4mm thick specimens reach crosshead displacements of 
13.5mm, while 6.6mm thick specimens reach crosshead displacements of 8mm. Under 
significant bending loads the resistance of the surfaces to detach will increase. This 
explains the higher propagation values, as well as the higher initiation values of thin 
specimens. 
  Response to Mode II Loading 
 
146 
 
A way of further evaluating the effect of friction between crack faces on the mode II 
delamination toughness is by testing specimens with and without the addition of insert 
film. The use of a film cushion (a polymer spacer between crack faces) during testing is 
a similar approach in altering the friction contribution during mode II delamination 
testing. Findings show that a reduction in the friction contribution, achieved by using a 
film cushion, causes an appreciable reduction in toughness values [101]. The approach 
adopted in this study introduces an increase in the friction between crack faces.  
 
All specimens are fabricated using insert film, thus specimens emulating the absence of 
insert film were created by delamination testing. After initially delaminating a typical 
4ENF specimen for a certain crack length, the specimen was unloaded and repositioned 
so that the crack length was 50mm, as in the first test (Figure 5-36). The specimen was 
then re-tested. Re-tested specimens are denoted with B, while original specimens are 
denoted with the specimen name type only in the figures. Specimens were long enough 
to facilitate frictional testing.  
 
 
Figure 5-36: Specimen re-positioning to emulate frictional testing 
 
Only unpinned and ZPC type specimens (see Figure 5-30) were re-tested. All curves 
represent averages for several identical type specimens. All specimens with a thickness 
of 6.6mm were moved by 40mm; 4.4mm specimens were moved by 20mm only. Figure 
5-37 shows the effect of friction on the apparent mode II delamination toughness. The 
toughness of all normally tested specimens is rising, while the curves of the frictional 
Insert film 
Initial delamination crack a0=50mm 
‘a0’=50mm 
New crack 
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specimens are mostly horizontal. The delamination toughness, as measured using the 
4ENF test configuration is independent of the crack length (see Equation (5-2)). This 
means that the frictional curves are effectively the extensions of the original ones. 
Indeed, in the unpinned and ZPC G986/M21 specimens, the toughness value at the 
beginning of frictional curve is equal to the value at the end of the original curve; 
however, that is not the case with G986/M36 specimens. The shape of the curves 
suggests an increasing influence of friction with delamination crack length, even inside 
the area of pure moment. The value of the apparent delamination toughness is rising 
with advancing crack length in a discrete, step-like fashion. These steps have a finite 
length similar to the value of the unit cell, which is 9mm, particularly at low crack 
lengths. The determination of a single value for the friction coefficient is therefore of no 
meaning for a woven delamination specimen. 
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Figure 5-37: Comparison of mode II delamination toughness of typical and re-tested specimens 
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5.6.2 Effect of laminate material 
 
Figure 5-38 presents the mode II delamination toughness of G986/M21 and G986/M36, 
as measured using the 4ENF configuration. The dotted lines present the average values 
in the first 15mm of crack propagation. The aforementioned crack length was selected, 
since it includes enough data points to eliminate the inaccuracy of initiation values and 
also as a means to partly eliminate the effect of the fibre architecture. The ratio of the 
average values is close to 3.  
 
The relative performance of the two materials in mode II differs to their relative 
performance in mode I, as well as the relative performance of the pure resin systems. A 
summary of all toughness properties measured is presented in Table 5-3. The ratio of 
the mode II measured toughness is similar to the ratio of the friction coefficient of the 
two materials. The emerging suggestion, that the delamination toughness measured in 
woven fabric materials using the 4ENF configuration is an artifact of friction, is not 
correct, as the delamination toughness under mode II loading conditions would have to 
be zero. However, this presents an additional suggestion for the role of friction in mode 
II testing. 
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Figure 5-38: Mode II delamination toughness of G986/M21 and G986/M36; dotted lines are 
the averages values in the first 15mm of crack propagation in each case. 
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GC 
resin system 
(J/m2) 
GIC 
initiation 
(J/m2) 
GIC 
propagation 
average (J/m2) 
GIIC 
average of first 15mm of 
crack length (J/m2) 
M36 466 --- --- --- 
M21 216 --- --- --- 
G986/M36 --- 510 1263 1119 
G986/M21 --- 476 792 3275 
Ratio 2.16 1.06 1.60 0.34 
Table 5-3: Summary of properties related to the M21 and M36 resin systems 
 
5.6.3 Effect of insertion depth 
 
The effect of insertion depth with 0.28mm diameter Z-pins for both G986/M21 and 
G986/M36 is presented in Figure 5-39.  
0
1000
2000
3000
4000
5000
6000
7000
8000
9000
50 55 60 65 70 75 80 85 90
Crack length (mm)
'G
II
c' 
(J
/m
2 )
G986/M21 1%, Full depth G986/M21 1%, 3.3mm depth
G986/M36 1%, Full depth G986/M36 1%, 3.3mm depth
 
Figure 5-39: Effect of insertion depth on the apparent delamination toughness in woven fabric 
specimens (6.6mm thick) with 0.28mm diameter Z-pins (G986/M21 & G986/M36) 
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The curves of the partially pinned specimens appear to be below the curves of the fully 
pinned specimens for the first 20mm of crack propagation and above for the next 
20mm; the effect is more pronounced in G986/M21. The values, however, are 
effectively similar between different insertion depths, reflecting the findings of the Z-
shear test. Initiation values are also similar, as the presence of Z-pins at a distance 5mm 
from the original crack tip should not have an effect. 
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Figure 5-40: Effect of insertion depth on the apparent delamination toughness in woven fabric 
with 0.5mm diameter Z-pins (G986/M21 & G986/M36) 
 
The behaviour differs with 0.5mm diameter Z-pins. Figure 5-40 depicts the effect of 
insertion depth on the apparent delamination toughness of different materials and 
different thicknesses. The findings of the Z-shear test are reflected in the performance of 
the 4.4mm specimens, as well as 6.6mm thick G986/M36 specimens, as partial pinning 
provides increased apparent toughness. This is not the case, with 6.6mm thick 
G986/M21 specimens. It has to be noted, however, that in this case, propagation is 
arrested in partially pinned specimens at a crack length of 75mm and bending failure 
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follows. The relative trend of the unpinned and pinned curves described for the 
specimens with 0.28mm diameter Z-pins is also apparent in 6.6mm thick specimens 
with 0.5mm diameter Z-pins.A prominent difference to the previous figure is the 
difference in initiation values between partially and fully pinned G986/M21 specimens. 
The range of insertion depths used implies a change in failure mechanism of the Z-pins, 
according to the Z-shear tests. The constraint against opening displacement is different 
between the Z-shear test and the 4ENF configuration; in the Z-shear tests it is a property 
of the test rig, while in the 4ENF configuration it is related to specimen thickness. This 
suggests that an insertion depth of 3.6mm might not necessarily be the critical insertion 
depth where the balance of failure mechanisms changes, as in the Z-shear test. 
However, the presence of a significant difference in apparent toughness values in the 
figure with a changing insertion depth indicates that a change in the balance of failure 
mechanisms is present.  
 
5.6.4 Effect of Z-pin Density 
 
No effect of density was observed in the performance of a single 0.28mm diameter Z-
pin in the Z-shear test, as discussed in 5.3.3. The contribution of pinning to the apparent 
toughness will be a function of the number of Z-pins bridging the crack. A higher 
density is therefore expected to yield a higher apparent toughness. Figure 5-41 depicts 
the effect of pinning density to the apparent delamination toughness with 0.28mm 
diameter Z-pins. For both thicknesses displayed, higher pinning density results in higher 
apparent toughness, verifying the initial assumption. 
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Figure 5-41: Effect of pinning density on the apparent delamination toughness in woven fabric 
with 0.28mm diameter Z-pins (G986/M21). Unpinned and ZPC cases displayed for reference. 
 
A more complicated behaviour is observed with 0.5mm diameter Z-pins. The curve for 
0.5% pinning density exhibits higher apparent toughness than the 1% case for small 
crack lengths and similar for large ones. The two curves intersect at a crack length of 
82mm. A possible explanation can be given from the Z-shear test, where 0.5% density 
Z-pins dissipate more energy for small displacements, as discussed in section 5.3.7. As 
the crack propagates further, the difference in the number of Z-pins that bridge the crack 
between the 0.5% and 1% density cases increases. The sliding displacement increases as 
well. At higher densities the influence of the significantly greater number of Z-pins 
dominates, and the curve of the 4% and 2% case lie above the curves of the other two 
densities in that sequence. Finally, the difference of the initiation values between the 
curves has to be noted. 
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Figure 5-42: Effect of pinning density on the apparent delamination toughness in 6.6mm thick 
woven fabric with 0.5mm diameter Z-pins (G986/M21). Unpinned and ZPC cases displayed for 
reference 
 
5.6.5 Effect of Z-pin Diameter 
 
The next two figures present the effect of Z-pin diameter on the apparent delamination 
toughness. In all cases, 0.28mm diameter Z-pins outperform 0.5mm Z-pins of the same 
density. In order to use findings from the Z-shear test to investigate the performance 
difference, two assumptions are required; firstly, that the type of failure in the same for 
both diameter Z-pins. The minimum insertion depth used in the results presented here is 
the minimum laminate thickness, namely 4.4mm. The validity of the first assumption 
depends on how similar the opening constraint is between the two tests. Secondly, the 
ratio of the potential energy absorption per pin between the two different diameters is 
assumed to be close to 3, in favour of the 0.5mm diameter Z-pin. This is derived from 
  Response to Mode II Loading 
 
154 
the slope of the Z-shear curves in Figure 5-9. The difference in potential energy under 
the curves for a similar sliding displacement is reflected by the difference in slope.  
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Figure 5-43: Effect of Z-pin diameter on the apparent delamination toughness in 6.6mm thick 
woven fabric (G986/M21) 
 
The ratio of the number of Z-pins per unit area between the two diameters is also close 
to 3, in favour of the 0.28mm diameter Z-pin. This is derived by Table 5-4. Z-pin 
arrangements with the same pinning density should therefore have similar performance 
in a bridging zone of the same size.  
 
The initiation values of curves with similar densities are different in Figure 5-43; 
however they are similar in Figure 5-44. Despite the emerging suggestion from the 
difference in initiation values, the Z-pin diameter effect is not an artifact of errors in 
measurement or the correction procedure, as for an apparent delamination toughness 
above 8000 J/m2, the crack is arrested and specimens fail in bending; specimens with 
0.28mm diameter Z-pins reach that point earlier. No sufficient explanation is currently 
provided for this effect. 
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Figure 5-44: Effect of Z-pin diameter on the apparent delamination toughness in 4.4mm thick 
woven fabric (G986/M21) 
 
                              Z-pin Density (%) 
Z-pin Diameter (mm) 
0.5 1 2 4 
0.28 3.51 2.48 1.75 1.24 
0.5 6.27 4.43 3.13 2.22 
Table 5-4: Z-pin spacing in millimetres for all arrangements used in this study 
 
 
5.7 Summary 
 
The 4ENF configuration has been selected as the most appropriate for testing Z-pinned 
laminates, mainly due to the significant available crack length within which stable crack 
propagation can be achieved. There are other advantages, such as the straightforward 
data reduction when using the CCM method and the ability to perform the compliance 
calibration simultaneously with the test. 
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The interference of the friction between crack faces with the toughness measurement is 
an inherent feature of mode II delamination configurations. Previous attempts have been 
made to quantify its effect on the measurement. Further investigation using the friction 
rig described in sections 5.2.1 and 5.6.1, revealed that friction is associated with the 
sensitivity of the delamination toughness of unpinned woven fabric laminates to 
laminate thickness. The differences in ply undulation and specimen bending under test 
conditions are responsible for the change of the amount of friction and the subsequent 
change in behaviour of woven laminates.  
 
An additional issue concerning the compliance calibration of Z-pinned laminates during 
the mode II test has arisen. In order to facilitate the comparison of the effect of different 
Z-pinning configurations to mode II delamination toughness, the compliance calibration 
data was substituted with data from a purpose built specimen. This allowed 
manufacturing irregularities and the introduction of different fracture mechanisms to be 
nullified, while retaining the effect of the Z-pins on the mechanical in-plane properties 
of the material. 
 
The change in fracture mechanisms of Z-pinned laminates in shear loading is attributes 
to a combination of material and Z-pinning parameters. Increased insertion depth to Z-
pin diameter ratio, multidirectional fibre orientation increased laminate thickness and 
imposed constraints regarding the opening displacement, all impede Z-pin pullout. An 
optimum insertion depth to Z-pin diameter ratio exists, where energy absorption is at 
maximum, which is unique to laminate material and thickness. Z-pin density also plays 
a role in the change in fracture mechanisms with multidirectional fibre orientation, 
while small variations of Z-pin angle are unimportant to the delamination performance 
of UD laminates. The change in fracture mechanisms depends on how all the parameter 
changes affect – by intensifying or diluting - the introduction of the additional mode I 
loading component due to Z-pin presence.  
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6 In-plane properties of Z-pinned carbon fibre / epoxy 
composites 
 
 
In chapter 3, the alteration of the meso-structure of a laminate due to Z-pin insertion 
was discussed. Fibre orientation and laminate thickness are affected, while resin rich 
regions are introduced. As with all composites with 3D architecture, stitching included, 
this is expected to compromise the in-plane stiffness and strength of a laminate. An 
investigation of the effect of Z-pinning on the tensile stiffness and strength, as well as 
on the in-plane shear stiffness, is presented in this chapter. 
 
 
6.1 Tensile testing 
 
Tensile testing of Z-pinned laminates was performed using two different testing 
configurations. The Tensile configuration, as described in the ASTM D3039/D3039M 
protocol, was used for acquiring predominantly stiffness values of Z-pinned laminates. 
Specimen edges were polished to the final dimensions and tabs were bonded, as 
described in section 3.3; tab thickness was 1.5mm. The aspect ratios of all specimens 
were sufficiently high to avoid Saint-Venant effects [82,114]. Two configurations were 
used for UD specimens (IM7/M21), one for testing along the fibre direction (0 , Figure 
6-1a) and one for testing transversely to it (90 , Figure 6-1b). Woven specimens 
(G986/M21) required only one configuration (Figure 6-1c). Specimen width was limited 
by the width of the grips to 25mm; nevertheless, this is sufficient to accommodate 2.7 
unit cells of the weaving pattern.  
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(b) 
 
(a) 
(d) 
 
(c) 
Figure 6-1: Tensile test configurations: (a) 0  UD (IM7/M21) specimen, (b) 90  UD (IM7/M21) 
specimen and (c) woven (G986/M21) specimen, (d) detail in the tabbed area 
 
To facilitate accurate stiffness measurements and a desirable failure type of Z-pinned 
specimens, the length of the Z-pinned area was selected to be larger than the gauge 
length (Figure 6-1d); the tabs cover part of the pinned portion of the specimen. If the 
extents of the Z-pinned area were within the gauge length, failure would always occur at 
the edges of the Z-pinned area. That would invalidate any acquired strength values. 
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Acquired strength values are acceptable only when failure occurs in the gauge length of 
the specimen [82]. Despite the use of compliant tabs (±45 ) to diffuse the load 
transition, failure usually occurs close to the tabs in a Tensile test. In order to contain 
failure completely within the gauge length, the Open Hole Tensile test (OHT) 
configuration was used, abiding by the ASTM D576/D5766M protocol. The presence of 
the hole ensures that failure occurs at the midsection and renders tabs unnecessary. 
Furthermore, the size of the required Z-pinned area is significantly reduced. Specimens 
were drilled using a carbide tip drill supported against a sacrificial backing plate. 
 
Utilising a cross-ply stacking sequence for UD prepreg allows a comparison to be made 
with woven material, in terms of the influence of Z-pinning on in-plane properties. 
Specimens manufactured from UD prepreg (IM7/M21) were therefore laid-up in a 
[[0 /90 ]8]S sequence. Detailed specimens dimensions are portrayed in Figure 6-2. 
 
 
Figure 6-2: Open Hole Tension (OHT) specimen and gauge positioning 
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6.1.1 Instrumentation 
 
Foil strain gauges with lead wires were used to measure strain. Strain gauges were 
supplied by Techni Measure. The required size of strain gauges differs for each 
material, since it is required to be greater then the unit cell of the material under test. 
The concept of a unit cell does not apply to UD or cross-ply specimens, while the unit 
cell size of the woven G986/M21 is 9mm. 3mm long gauges were used in 0  and 90  
Tensile UD specimens, while 10mm long gauges were used on Tensile woven 
specimens. The strain gauge length must be large enough to remain unaffected by the 
relative position of the unit cell size. Initial tests were performed using both 10mm and 
30mm long gauges, confirming by means of comparison that 10mm gauges were 
sufficiently long, relative to the unit cell of the material, to acquire accurate 
measurements. 
 
A uniform strain distribution of a pure tensile stress state at a known cross section for a 
known applied load is required to obtain modulus values. The OHT configuration does 
not comply with these requirements. In order to extract stiffness data from OHT 
specimens, a comparison between Z-pinned and unpinned specimens was implemented. 
In Z-pinned specimens, strain gauges were positioned within the bounds of the Z-pinned 
area in a locally uniform strain area; the positioning was reproduced in unpinned 
specimens. The selected position is depicted in Figure 6-2. Positioning the gauges at the 
symmetry axis of the specimen was avoided and a minimum distance equal to the size 
of one hole diameter along the width of the specimen was maintained to ensure locally 
uniform strain [9,11]. A FE quarter model of an OHT specimen confirms local 
uniformity of the strain around the strain gauge. The model was built using LUSAS 
13.4 software. Figure 6-3 displays a large uniform longitudinal strain area for both 
unpinned and Z-pinned specimens in the vicinity of the gauge position. The Z-pinned 
specimen in the figure is modelled using a reduced modulus within the Z-pinned area, 
according to the measurements. Since absolute values of the tensile modulus cannot be 
obtained from OHT specimens, the reduction in stiffness is only presented in percentage 
terms, after comparison of the Z-pinned and unpinned specimens.   
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Figure 6-3: Longitudinal strain map of quarter section of OHT specimen; unpinned (left) and 
Z-pinned (right) case. 
 
 
6.2 Tensile test cases 
 
Table 6-1 presents all OHT specimens included in the results. Table 6-2 lists the Tensile 
specimens of this study. Specimens with anomalies in their stress-strain curves were 
disregarded from calculations deducing stiffness. Similarly, specimens with failure 
outside the gauge length area were withdrawn from calculations determining strength. 
Not all OHT specimens were equipped with strain gauges; a single asterisk in Table 6-1 
indicates that only one specimen was instrumented; a double asterisk signals complete 
absence of strain gauges. Specimens tested without strain gauges are only used to 
provide strength data. 
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Material Prepreg type Lay-up 
Density 
(%) 
Z-pin diameter 
(mm) No. of Specimens 
G986/M21 woven [0/90]8 --- --- 8 
G986/M21 woven [0/90]8 4% 0.28 4 
G986/M21 woven [0/90]8 4% 0.5 4 
G986/M21 woven [0/90]8 2% 0.28 6* 
G986/M21 woven [0/90]8 2% 0.5 6* 
G986/M21 woven [0/90]8 1% 0.28 4 
G986/M21 woven [0/90]8 1% 0.5 4 
IM7/M21 UD [[0/90]8]S --- --- 8 
IM7/M21 UD [[0/90]8]S 4% 0.28 4 
IM7/M21 UD [[0/90]8]S 4% 0.5 4 
IM7/M21 UD [[0/90]8]S 2% 0.28 6** 
IM7/M21 UD [[0/90]8]S 2% 0.5 6* 
IM7/M21 UD [[0/90]8]S 1% 0.28 4 
IM7/M21 UD [[0/90]8]S 1% 0.5 2 
Table 6-1: Open Hole Tension (OHT) test cases; one asterisk denotes only one instrumented 
specimen; double asterisk denotes absence of instrumentation. 
 
Material Prepreg type Lay-up 
Density 
(%) 
Z-pin diameter 
(mm) No. of Specimens 
G986/M21 woven [0/90]8 --- --- 5 
G986/M21 woven [0/90]8 4% 0.28 5 
IM7/M21 UD [0]12 --- --- 7 
IM7/M21 UD [0]12 4% 0.28 8 
IM7/M21 UD [90]16 --- --- 10 
IM7/M21 UD [90]16 4% 0.28 9 
Table 6-2: Tensile test cases 
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6.3 Effect on Tensile Stiffness 
6.3.1 Tensile stiffness results 
 
Figure 6-4 and Figure 6-5 present the effect of Z-pinning on the tensile modulus for two 
different types of materials. Z-pins of 0.28mm diameter at a 4% density are used. The 
selected high density case should comprise an upper bound regarding the severity of the 
effect Z-pins can have on laminate stiffness. Error bars demonstrate the accuracy of the 
measurement with 97.5% confidence level for a two sided normal distribution [93].  
 
A reduction in stiffness between the unpinned and 4%-0.28mm pinned cases can be 
observed for both materials. The significant scatter in the measurement of the transverse 
modulus for the UD material can in part be attributed to minor misalignment of the 
grips during tightening. The longitudinal and transverse moduli of the woven material 
are identical; the weave is completely balanced in the amount of fibres aligned in each 
direction. 
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Figure 6-4: Longitudinal and transverse tensile modulus of unpinned and Z-pinned UD 
IM7/M21laminate 
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Figure 6-5: Tensile modulus of unpinned and Z-pinned woven G986/M21laminate 
 
6.3.2 Geometric approximation 
 
The geometric changes imposed on a laminate by the insertion of Z-pins are namely: (a) 
the increase in thickness, as described in section 3.4, (b) the in-plane laminate fibre 
misalignment, (c) the out-of-plane laminate fibre misalignment and (d) laminate fibre 
damage. Items (a) and (b) have been measured accurately and are discussed in chapter 
3; the in-plane misalignment angle can be calculated from the ratio L/D, the 
characteristic resin pocket aspect ratio, examined in section 3.4.2. 
 
Imposed laminate fibre damage is minimal and will currently be omitted from 
calculations. Laminate fibre misalignment will be also omitted from calculations in 
woven laminates, since it is negligible relative to the inherent undulations of the 
laminate fibres. Only factor (a) will therefore be considered for woven laminates, while 
factors (a), (b) and (c) will be considered for laminates made from UD prepreg. Initially, 
a complete expression will be constructed, deducing the altered modulus EPIN, after Z-
pin insertion, relative to the original laminate modulus E0. For UD laminates the 
13% 
reduction 
In-plane properties of Z-pinned carbon fibre / epoxy composites                                        165 
 
expression will only correspond to the modulus along the fibre direction, since the 
calculation is based on the fact that the modulus is a fibre dominated property. 
Geometric approximations predicting the change in the transverse modulus have not 
been attempted. 
 
A cross section at a row of Z-pins is considered, as being the most compliant and 
therefore determining laminate stiffness. As the stiffness of the cross section under 
investigation and a cross section containing no Z-pins are less than 20% different, this 
first assumption is not entirely accurate. The stiffness will be a combination of both, 
according to the model of two springs in line, described by equation (6-1). Working 
with volumes of fibres of the same alignment as in [36] or a streamline model as in 
[115] is more accurate. 
 
21
21
KK
KKKTOTAL +
⋅
=  (6-1)
Where: KTOTAL, K1 and K2: Equivalent and initial spring stiffnesses 
 
The increase in thickness alters the size of the cross section of the laminate. The new 
load bearing cross section will be equal to the original one multiplied by a thickness 
increase factor, subtracting the cross-sectional area covered by Z-pins: 
 
( ) 01 AcAPINS ⋅−⋅= ρ  (6-2)
d⋅=
π
ρ 2  (6-3)
Where: 
A0: Cross section prior to Z-pin insertion 
APINS: Cross section after to Z-pin insertion 
c: thickness increase factor 
ρ: cross section Z-pin density 
d: areal Z-pin density 
 
The increase in thickness occurs without the introduction of additional laminate fibres; a 
localised increase in resin volume fraction accounts for the increase in thickness. The 
localised fibre volume fraction is therefore reduced. Bearing in mind that the ratio 
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between the modulus of the fibres and the resin is close to 100, the contribution of the 
resin can be ignored, as in [36]: 
 
f
PINSfTHICK
ff V
V
E
EEVE ,
0
=⇒⋅=  (6-4)
f
PINSf
PINS V
V
A
A ,0
=  (6-5)
Where: 
E0: Modulus prior to Z-pin insertion 
ETHICK: Changed modulus due to change in thickness 
Vf: Fibre volume fraction 
 
The change in fibre volume fraction is inversely proportional to the increase in 
thickness, and combining equations (6-4) and (6-5), the following expression is 
obtained: 
( )ρ−⋅= 1
0
c
EETHICK  (6-6)
 
The change in modulus due to misalignment can be written as: 
 
θcos0 ⋅= EEMIS  (6-7)
 
The total misalignment angle θ can be found from the following equation: 
 
tx θθθ 222 tantantan +=  (6-8)
With:  θ
θ 2
2
tan1
1cos
+
=
 
(6-9)
Where: 
θx: the in-plane misalignment angle 
θt: the through-thickness misalignment angle 
 
Not all laminate fibres are misaligned after Z-pin insertion. From observations under 
digital microscope, laminate fibres seem to be unaffected at a distance equal to the Z-
pin diameter from the Z-pin. This means that a length equal to three Z-pin diameters at 
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the cross section contains misaligned laminate fibres. Half of the aforementioned cross 
section has already been subtracted by applying equation (6-2).  The modulus change 
due to misalignment will therefore be: 
 
( )[ ] 01cos EmmEMIS ⋅⋅−+⋅⋅= ρθρ  (6-10)
Where: m: misalignment factor, equal to 2 
 
Combining equations (6-6) and (6-10), with respect to equation (6-9), the final 
expression for the change in modulus becomes: 
 
( ) ( ) ( ) 022 1tantan1
1
1
1 Emm
c
E
tx
PINS ⋅⎥⎥⎦
⎤
⎢⎢⎣
⎡
⋅−+
++
⋅⋅⋅
−⋅
= ρ
θθ
ρ
ρ
 (6-11)
Where: m: misalignment factor, equal to 2 
 
The formula is applied with parameter values that correspond to the pinning 
configuration used in the tensile tests in section 6.3.1. The parameter values and the 
formula results are presented in Table 6-3. The thickness increase factor is taken from 
figures 3-23 and 3-24. The out-of-plane misalignment is minimal for 0.28mm diameter 
Z-pins and is considered zero in all materials. The table also presents the formula result 
assuming an out-of-plane misalignment angle equal to the in-plane one for UD material. 
The additional effect is small (0.6%). There is good agreement with experimental data, 
considering the scatter in the measured thickness of all specimens in this study, from 
which the thickness increase factor c was derived (e.g. Figure 3-23).  
 
Results from the application of the model in [36], presented in section 2.5.1, are also 
presented in the same table. As this model includes only the effect of misalignment, the 
measured misalignment angle was used in its application for both UD and woven 
materials. The material properties used in the model were the properties of the unpinned 
laminate for each material. Despite the disagreement between the two models on the 
significance of the effect of misalignment alone, the fact that the change in volume 
fraction is the dominant factor in the degradation of the modulus is apparent. 
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Reduction in modulus (%) 
Material 
Density 
(%) - 
diameter 
(mm) 
Thickness 
increase 
factor c 
θx θt model 
from [36] 
Equation 
(6-11) experimental
G986/M21 4% - 0.28 1.23 0 0  14.5 13 
IM7/M21 4% - 0.28 1.17 6 0  11 12 
IM7/M21 4% - 0.28 1.17 6 6  11.6 12 
G986/M21 4% - 0.28 --- 6 --- 2.0  13 
IM7/M21 4% - 0.28 --- 6 --- 5.3  12 
Table 6-3: Parameter values for the application of both the stiffness approximation formula and 
the model from [36], and comparison with experimental 
 
The agreement between formula and experiment indicates that the greater part of the 
reduction in stiffness is a consequence of the reduction in fibre volume fraction. 
Moreover, the assumption of absence of any additional misalignment due to Z-pin 
insertion for the woven material is validated. The omission of the through thickness 
fibre misalignment and the assumption of zero laminate fibre damage for the cross-ply 
material did not hinder the accurate prediction of the stiffness reduction, suggesting the 
validity of the assumptions. Current observations confirm previous findings on the 
negligible amount of through thickness misalignment induced by Z-pinning [65]. 
 
6.3.3 Open Hole Tension stiffness results 
 
Considering the fact that the OHT configuration is unsuitable for providing accurate 
tensile modulus values, as explained is section 6.1.1, all stiffness data from Z-pinned 
specimens are presented in terms of relative stiffness contrasted against the stiffness of 
the unpinned material, as measured in the OHT configuration. 
 
The validity of the discussion in section 6.1.1 can be examined by comparing 
measurements between the two test configurations for identical Z-pinning cases. Figure 
6-6 presents the effect of Z-pinning on the stiffness of woven laminates. Error bars are 
one time the standard deviation of the measurements. The 4%, 0.28mm diameter case is 
identical to the Tensile configuration case tested. The reduction in stiffness is 16%; the 
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agreement with the 13% reduction measured with the Tensile configuration is not 
completely satisfactory. However, it is interesting to investigate the differences of the 
effect of Z-pinning due to material architecture. 
 
For both materials the severity of the reduction increases with increasing areal Z-pin 
density (Figure 6-6 and Figure 6-7). Smaller diameter Z-pins cause a greater reduction 
for similar densities in both materials. The maximum reduction is 16% for woven, with 
either 0.5mm or 0.28mm diameter Z-pins, and 12% for cross-ply with 0.28mm diameter 
Z-pins. The latter is equivalent to the reduction in the longitudinal and transverse 
modulus measured in UD; 12% and 14% respectively. However, the effects of Z-pin 
insertion differ slightly in the cross-ply stacking sequence, as discussed in section 3.4.2, 
and the comparison is not pertinent. 
 
Using equation (6-6), the data can be corrected to produce Figure 6-8 and Figure 6-9; 
The effect of the change in volume fraction – or equivalently, the thickness increase 
effect – can be excluded from the plots. The difference in relative stiffness due to fibre 
misalignment can now be observed. The new error bars include the deviation of the 
stiffness measurement and the deviation of the subtracted stiffness - in equation (6-6) – 
due to the thickness variation [93]. 
 
For the woven material (Figure 6-8), the value of the reference stiffness is always within 
the scatter. This again indicates the absence of additional laminate fibre misalignment 
due to Z-pin insertion, compared to the existing laminate fibre undulations. With the 
cross-ply, two out of four error bars range within values that are lower than the value of 
the reference stiffness. Fibre misalignment therefore has an influence on the stiffness of 
the cross-ply laminates, but to a lesser extent than in UD. Considering the geometric 
differences of the resin pockets between material types, as discussed in section 3.4.2, 
and current results, it is safe to assume that increasing complexity of the stacking 
sequence may well diminish the amount and effect of laminate fibre misalignment on 
laminate stiffness. 
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Figure 6-6: Relative stiffness of Z-pinned woven G986/M21; asterisk indicates only one 
specimen tested. 
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Figure 6-7: Relative stiffness of Z-pinned Cross-ply IM7/M21 specimens; asterisk indicates 
only one specimen tested 
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Figure 6-8: Corrected relative stiffness of Z-pinned woven G986/M21; asterisk indicates only 
one specimen tested 
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Figure 6-9: Corrected relative stiffness of Z-pinned Cross-ply IM7/M21 specimens; asterisk 
indicates only one specimen tested 
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6.4 Effect on Tensile strength 
6.4.1 Failure behaviour  
 
Failure occurred within the gauge length for most Tensile specimens. Failure in the 
grips occurred in only two out of a total of twelve woven specimens, eliminating them 
from the results; in both specimens failure actually occurred in both grips (Figure 6-10). 
UD specimens tested in the transverse direction behaved similarly, with one specimen 
out of a total of twenty failing at the grips. Failure occurred in a straight line across both 
types of specimens with minimal or no debris and was brittle in manner (Figure 6-11). 
Z-pinned specimens failed consistently at a single row of Z-pins. 
 
Failure in UD specimens tested in the longitudinal direction was accompanied by 
intense audible signals before failure, with only minor visible splitting occurring at the 
edges. The specimens literally exploded into pieces at failure accompanied by the 
production of a considerable amount of dust. Values from all specimens were used in 
the results, since identification of the failure location relative to the gauge length is not 
possible (Figure 6-12). 
 
 
Figure 6-10: Tensile failure of unpinned woven G986/M21 specimens at different failure 
locations. 
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Figure 6-11: Tensile failure of unpinned (left) and pinned (right) 90  UD IM7/M21 specimens; 
arrows denote failure line 
 
 
Figure 6-12: Tensile failure of 0  UD IM7/M21 specimens 
 
OHT specimens are designed to fail at the hole (Figure 6-13). Failure initiates at the 
edges of the hole and propagates instantly throughout the cross section. Careful 
manufacturing of the Z-pinned specimens ensured symmetrical positioning of the Z-pin 
rows relative to the hole; a row of Z-pins was present in both axes of symmetry of the 
specimen. Z-pinning did not alter the failure behaviour, which is dominated by 
specimen geometry. Z-pins comprise flaws similar to the hole, only of a lesser 
magnitude. Z-pin presence provides an energetically favourable path for through-
thickness crack propagation.  Cross-ply specimens exhibited extensive fibre splitting, in 
contrast to woven specimens (Figure 6-14and Figure 6-15). 
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Figure 6-13: Tensile failure of unpinned cross-ply IM7/M21 (left) and woven G986/M21 (right) 
notched specimens 
 
  
Figure 6-14: Tensile failure of  2% pinned cross-ply IM7/M21notched specimens, using 0.5mm 
(left) and 0.28mm diameter (right) Z-pins. 
 
  
Figure 6-15: Tensile failure of  2% pinned woven G986/M21notched specimens, using 0.5mm 
(left) and 0.28mm diameter (right) Z-pins 
 
In-plane properties of Z-pinned carbon fibre / epoxy composites                                        175 
 
Changes in the fibre volume fraction can influence tensile strength, as long as the 
loading is in the direction of laminate fibres. The complexity of the mechanisms of 
failure, which can increase in 3D composites [116], invalidate any attempts to “correct” 
strength values, as carried out in section 6.3.3.  
 
6.4.2 Unnotched strength 
 
Ultimate tensile strength is affected considerably more than tensile stiffness by Z-pin 
presence. Without the presence of a notch, the reduction ranges from 35% to 50% in the 
transverse direction to the fibres in a UD material. Results are summarised in Table 6-4. 
Figure 6-16 and Figure 6-17 present the load versus displacement traces up to failure, as 
well as the measurement accuracy. The accuracy of the measurements is reduced for a 
97.5% confidence level in a two sided normal distribution [93], similar to absolute 
stiffness values in section 6.3.1. The accuracy is low for transverse strength, even for 
the unpinned material. This can be attributed partly to minor misalignment of the 
specimen during tightening of the grips. Z-pinned specimens exhibit a higher 
measurement scatter in all cases. 
 
Material Orientation Density (%) 
Diameter 
(mm) UTS (MPa) 
Reduction 
(%) 
G986/M21 ---  --- 791 --- 
G986/M21 --- 4% 0.28 514 35 
IM7/M21 0   --- 2488 --- 
IM7/M21 0  4% 0.28 1640 34 
IM7/M21 90   --- 46.3 --- 
IM7/M21 90  4% 0.28 23.4 49 
Table 6-4: Reduction in UTS in G986/M21 and IM7/M21 due to Z-pinning 
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Figure 6-16: Load vs. displacement traces and longitudinal (a) and transverse (b) tensile 
strength of UD IM7/M21 
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Figure 6-17: Load vs. displacement traces and tensile strength of woven G986/M21 
 
Load versus displacement traces that stop short of the average stress failure line value 
indicate early gauge failure. 
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6.4.3 Notched strength 
 
Notched tensile strength reduces with Z-pinning, although to a lesser extent compared 
to the unnotched strength reduction. The values obtained from the two different 
materials correspond to comparable fibre architecture. Woven material exhibits a 
slightly greater reduction in tensile strength than cross-ply. This can be attributed to the 
fibre volume fraction reduction, which is partly the cause of the strength reduction; 
woven specimens experienced a more significant fibre volume fraction reduction 
compared to cross-ply specimens. In that perspective, the reduction can be considered 
equivalent for both materials. Table 6-5 summarises obtained results. 
 
Material Density (%) 
Diameter 
(mm) 
Notched UTS 
(MPa) Reduction (%) 
G986/M21 --- --- 496 --- 
G986/M21 1% 0.28 463 6.7 
G986/M21 1% 0.5 451 9.1 
G986/M21 2% 0.28 418 15.7 
G986/M21 2% 0.5 429 13.5 
G986/M21 4% 0.28 392 21.0 
G986/M21 4% 0.5 426 14.1 
IM7/M21 --- --- 842 --- 
IM7/M21 1% 0.28 817 3 
IM7/M21 1% 0.5 819 2.7 
IM7/M21 2% 0.28 737 12.5 
IM7/M21 2% 0.5 714 15.2 
IM7/M21 4% 0.28 704 16.4 
IM7/M21 4% 0.5 720 14.5 
Table 6-5: Reduction in notched UTS in G986/M21 and IM7/M21 due to Z-pinning 
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Figure 6-18: Ultimate notched tensile strength of G986/M21 
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Figure 6-19: Ultimate notched tensile strength of Cross-ply IM7/M21 
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6.5 In-plane shear testing 
 
Composites have a relatively low resistance to shear deformation, particularly in 
material planes dominated by matrix properties. However, it has been shown recently 
that those polymers used as matrices in fibre composites do not have a shear failure 
process; it can be argued that, for polymers at high strains, shear is a tensile process 
leading to chain alignment, where the local failure mechanism is tensile [117]. 
Nevertheless, in-plane shear for multidirectional laminates, which involve extensive 
fibre failure, is considered to be important. The alterations imposed to the laminate 
meso-structure by Z-pinning generate the need to investigate the in-plane shear response 
of Z-pinned laminates. 
 
6.5.1 In-plane shear testing configurations 
 
A number of methods are available for measuring the shear stiffness and strength of 
composite laminates. There is no universal method suitable for the accurate evaluation 
of the shear properties throughout the range of material architectures of composite 
materials. All methods have limitations. Six of the most commonly used methods 
include (a) the uniaxial tension of a ±45  laminate, (b) the uniaxial tension of a 10  off-
axis laminate, (c) two-rail and three-rail shear tests, (d) twisting of a flat laminate, (e) 
torsion of a thin-walled tube and (f) the Iosipescu shear test, and are reviewed in detail 
in reference [82]. Only their predominant characteristics are reproduced here. 
 
The ±45  tension test is a straightforward test, from which both stiffness and strength 
can be obtained. Specimen preparation is moderately laborious, particularly when tabs 
are incorporated. The laminate is under a state of biaxial stress and not pure shear; 
however, the data reduction method takes this into account. On the other hand, a 
convention is necessary to nominate shear strength and is usually taken at a certain 
strain level. It is also influenced by laminate thickness. 
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The 10  off-axis test entails a less laborious stacking sequence. It also exhibits 
uniformity of through thickness shear stresses and the absence of residual stresses. 
However, a three element rosette is required and the data reduction method is more 
complicated. Moreover, orientation errors can produce large measurement errors, 
although not critical when measuring shear strain at failure. Most importantly, it is not 
registered as a standard and significant non-uniformity of the stresses near the grips 
exists. In combination with the biaxial imposed stress state, ultimate shear strength 
tends to be underestimated. The use of oblique tabs, resulting in homogeneous stress in 
the specimen, improves the measurement, but gives only a lower bound for the in-plane 
shear strength [118]. 
 
Rail shear tests involve large specimens and extensive specimen preparation. 
Specimens are susceptible to machining defects and alternative failure modes due to 
errors in the laborious positioning procedure on the complicated testing fixture. Most 
importantly, they are only suitable for shear modulus determination. 
 
The plate twist test imposes a pure shear stress state, involves easy specimen fabrication 
and is insensitive to variations in microstructure across the plate. It is, however, not 
suitable for obtaining strength data. 
 
The torsion tube test is the most desirable method for shear characterisation from an 
applied mechanics viewpoint. A state of uniform pure shear stress along the whole 
length of the specimen is present, with a negligible through thickness shear gradient. 
Facility and fabrication costs are the major drawbacks. 
 
 
6.5.2 The improved Iosipescu in-plane shear test 
 
The Iosipescu shear test is favourable in terms of ease of manufacture, cost and 
accuracy. Both shear stiffness and shear strength can be obtained. It has potential for 
measuring shear properties in all three material planes [119]. A variety of types of 
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materials can be used, However the test is most accurate when testing UD materials 
with a longitudinal orientation [120]. The geometry and test procedure of the Iosipescu, 
or V-notch specimen, as it is referred, is described in the D5379-93 ASTM standard. 
 
During the test a constant shear force is induced through the mid-section of the 
specimen. The failure behaviour of a UD 0  specimen is depicted in Figure 6-19. Cracks 
1 and 2 initiate near the notch root, with crack 1 appearing systematically earlier. 
Propagation is instantaneous and stops at the highly compressed loading surfaces.  
Cracks 3 and 4 also grow slowly from the notch, but they cannot always be associated 
with load drops. Cracks 5 and beyond mark the end of the specimen life.  
 
 
Figure 6-20: Typical stress time curve for the 0  Iosipescu specimen with associated load drops 
and cracks, after [122] 
 
The rig commonly used to perform the Iosipescu test is known as the “Wyoming” rig. 
Recently an improved fixture, called the EMSE (Ecole des Mines de Saint-Etienne) rig, 
has been proposed; changes in the point of load application and in the guiding rail of the 
fixture have restricted the torsional and in-plane bending compliances of the Wyoming 
fixture. The occurrence of cracks 1 and 2 at significantly different stress values is one 
effect related to the parasitic in-plane bending of the Wyoming rig [121]. Parasitic out-
of-plane bending can similarly affect the failure of a UD 90  Iosipescu specimen. Shear 
modulus can only affected by parasitic torsional moments [122]. The EMSE fixture was 
used throughout this study.  
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The proximity of the loading points to the gauge section of the specimen makes it 
susceptible to Saint-Venant effects. The through thickness stress uniformity assumption 
is invalidated due to parasitic specimen twisting. The effect of parasitic twisting 
moments on the shear modulus determination, imposed on the Iosipescu specimen due 
to parallelism defects of the loading surfaces, can be eliminated with averaging the 
strains of the two faces of the specimen. It is therefore essential to use strain gauges on 
both faces [122]. 
 
The state of stress in the notch area is not pure shear stress; stress and strain fields 
cannot be obtained through an analytical solution. The most important feature to 
achieve, in order to derive shear modulus and strength, is homogeneity, since the 
interpretation of failure under a complex state of stress concentrations is an unsolved 
problem [121]. Initial finite element modelling shows, that the occurrence of cracks 1 
and 2 transform the stress distribution between the notches into a uniform state. Shear 
properties can be reduced with simple calculations. However, an explicitly defined 
stress correction factor, which depends solely on material properties, needs to be 
incorporated for the reduction of the shear modulus; still, the data reduction formula 
remains simple [122].  
 
The transformation of the shear stress state into homogeneous state, due to the 
appearance of cracks 1 and 2, can be achieved by emulating the cracks during specimen 
manufacture. Figure 6-21 depicts the modified Iosipescu specimen configuration, where 
the cracks are emulated by the removal of the pertinent material. The final dimensions 
have been examined experimentally [123]. Finite element modelling indicates that the 
reduction of the shear modulus using this configuration requires no correction factors 
[122,124]. This is supported by a separate study, incorporating all non-linearities into 
the numerical modelling, such as specimen sliding, geometric non-linearity, frictional 
effects and most importantly non-linear material behaviour, which suggests that the 
experimental method of dividing the load by the cross-sectional area is an excellent 
approximation [120]. This method can be used subsequently to determine shear 
strength.  
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Figure 6-21: Modified Iosipecu specimen geometry 
 
The initial finite element study [122,124] suggests that the implementation of a 
quadratic failure criterion is required to reduce shear strength; the influence of 
compressive stress needs to be taken into account. However, the approximations in the 
construction of this model, due to its linear approach, throw doubt on the validity of the 
latter proposition [120]. 
 
Concluding, the data reduction involved with the improved Iosipescu fixture and the 
improved specimen configuration is extremely simple, despite the complexity of the 
stress state at the gauge length. Shear modulus and shear strength can effectively be 
reduced from the experimental stress strain curve using the following simple formulas: 
 
4545 −−= εεε xy  (6-12)
xy
P
A
σ =  (6-13)
Where: 
 45 &  -45: strains directly measured by each strain gauge 
 xy : shear strain 
σxy : shear stress 
P: applied load 
A: specimen cross section 
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6.6 In-plane shear test cases 
 
Table 6-6 lists the Iosipescu specimens used in this study. All specimens were 
instrumented with a rosette strain gauge on each side at ±45 . The foil strain gauge used 
has lead wires and was 3mm in length. The fixture and the instrumented specimen is 
depicted in Figure 6-22.  
 
The width of the Z-pinned area is 10mm, covering the whole of the specimen gauge 
length. Low pining densities were not investigated due to the possibility of 
inconsistencies, considering the significant Z-pin spacing compared to the size of the 
specimen gauge length. 
 
Material Prepreg type Lay-up 
Density 
(%) 
Z-pin diameter 
(mm) 
No. of 
Specimens 
IM7/M21 UD [0 ]16 --- --- 6 
IM7/M21 UD [0 ]16 4% 0.28 7 
IM7/M21 UD [0 ]16 4% 0.5 5 
IM7/M21 UD [0 ]16 2% 0.28 5 
IM7/M21 UD [0 ]16 2% 0.5 4 
Table 6-6: Iosipescu test cases 
 
 
Figure 6-22: The Iosipescu test fixture 
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6.7 In-plane shear stiffness 
 
Figure 6-23 presents the effect of Z-pinning on the shear modulus of UD IM7/M21 for 
two Z-pin densities and both Z-pin diameters. Error bars demonstrate the accuracy of 
the measurement with 97.5% confidence level for a two sided normal distribution [93]. 
 
Any changes in shear modulus are smaller than the accuracy of the measurement. The 
alteration of the modulus does not follow any trend. A reduction in stiffness can only be 
observed for 4%, 0.5mm diameter pins. 
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Figure 6-23: Shear modulus of unpinned and pinned UD IM7/M2 
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6.8 In-plane shear strength 
 
In-plane shear strength was not measured, since crushing failure of the specimen edges 
against the stainless steel loading blocks preceded shear failure, despite the 
incorporation of a 5  angle to soften the load distribution near the loading edges (Figure 
6-24). The most effective remedy for this occurrence would be the use of tapered tabs 
[82]. Time limitations prevented the addition of tabs, and no strength data is presented 
in this study. 
 
 
(a) 
 
(b) 
Figure 6-24: Specimen edges crushing under high loads;(a)  Specimen during test and (b) 
specimen edge 
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6.9 Modelling the in-plane response of Z-pinned laminates 
 
A recent publication has examined the effect of Z-pinning on laminate stiffness [125]. A 
micro-mechanical model is used to provide detailed interlaminar stress analysis near Z-
pins and free edges and a macro-mechanical model, employing the unit cell method, is 
used for stiffness analysis. Curing stresses and any form of damage in the laminate 
during insertion are not taken into account. Among other properties and laminate 
configurations, the effect of Z-pinning on the tensile and shear modulus of both UD and 
cross-ply material is evaluated. 
 
Table summarises results from the reference, contrasting them against the respective 
measurements in this study. To the defence of the numerical simulation, the current set 
of data was not available at the moment of the model construction. The geometry of the 
unit cell was based on early observations of resin pockets. The model does not 
incorporate any additional change in laminate fibre volume fraction, other than the 
change occurring with the introduction of the resin rich area around the Z-pin. The most 
significant influence on the longitudinal modulus is therefore laminate fibre 
misalignment. The effect of laminate fibre misalignment has been assessed in section 
6.3.2. The minimal effect of Z-pinning on the transverse stiffness according to the 
numerical model, indicates that more work is needed for an accurate simulation.  
 
 E11 E22 G12 
Reduction (%) from FE model [125] 10.7 2.8 2.4 
Reduction (%) from experiment --- --- -0.75 
Table 6-7: Effect of 2% density, 0.5mm diameter Z-pins on the moduli of UD laminates 
 
 E11 G12 
Reduction (%) from FE model [125] 7.6 2.0 
Reduction (%) from experiment 9.0 --- 
Table 6-8: Effect of 2% density, 0.5mm diameter Z-pins on the moduli of cross-ply laminates 
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6.10 Summary 
 
Z-pinning causes a reduction in tensile modulus and strength. The magnitude of 
reduction does not differ notably between woven laminates and laminates fabricated 
from UD prepreg, when an equivalent stacking sequence is maintained. Strength is 
influenced more severely than stiffness.  
 
Larger diameter Z-pins at high densities impose additional reduction in the moduli of 
laminates fabricated from UD prepreg. In configurations of medium or low density or 
smaller Z-pins the shear modulus remains unaffected. 
 
The reduction of in-plane properties is predominately attributed to the reduction in fibre 
volume fraction through the thickness increase imposed during manufacture. 
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7 Application of Z-Fiber  pinning to T-stiffener structure 
 
 
Z-pinning can be used selectively in locations prone to delamination in a structure. A 
common structural location exhibiting this type of failure is the T-joint of a stiffener to a 
laminate. Due to the local geometry, in-plane loads in the laminate generate out-of-
plane loading at the joint in the stiffener area. As discussed in section 1.1, out-of-plane 
loading can cause delamination failure. The effectiveness of Z-pinning the stiffener 
(stringer or web) to the laminate (skin) is examined in this chapter. 
 
 
7.1 Stiffened structures 
 
The design of lightweight structures involves the use of the correct amount of material 
in the most efficient way, so as to bear the loading the structure is subjected to. A 
common design is the space-frame type of structures, where certain members of the 
structure are aligned to the subjected loading and bear most of it. Despite the intrinsic 
advantage of composite materials to orientate their material properties through tailored 
stacking sequences thus improving material efficiency, the use of stiffened members, 
bearing the bulk of the load, is also widespread in composite structures. These members 
are either integrated in the manufacture of the structure or joined to the rest of the 
structure at a later stage. A common form implemented is that of I- or T-shape beams. A 
typical example is depicted in Figure 7-1. 
 
The bonding of the stiffened members to the skin of the structure is of great importance. 
As long as the loads can be transferred to the stiffened members, the integrity of the 
structure is assured. Structures with stiffened members do not lose their load carrying 
capability when the skin is damaged by impact loads or even penetration [126]. On the 
other hand, impact loading directly on the stiffener bond line to the skin can be 
detrimental. The local geometry at the joint of the stiffener to the skin introduces out of 
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plane loading and these joints are a common location for the emergence of 
delaminations, most frequently through skin buckling under compressive loading [12].  
 
 
Figure 7-1: Structural part implementing T-shaped stiffening beams 
 
Previous tests have indicated significant performance enhancement by the use of Z-
pinning in T-stiffener sub-structures [64,72]. In this study the performance of Z-pins in 
a T-stiffener sub-structure, designed for use in a nacelle structure, is evaluated. This 
consists of a part of a collaboration programme aiming to certify the use of Z-pins in I- 
and T- shape joints for use in service within a short period of time (JOINTS).  The most 
prominent difference from previous studies is the small thickness of the structure. 
 
 
7.2 Manufacture and test cases 
 
The material used for the manufacture of the test specimens was woven fabric 
G986/M36. Additionally, E-glass/914 UD prepreg was used for the manufacture of the 
tabs (±45  stacking sequence). The tabs were co-cured, as the cure cycles of the two 
resin systems used are similar. Specimen dimensions were decided by the programme 
collaborator responsible (QinetiQ). The stacking sequence is optimised according to the 
requirements of the complete structure by another collaborator (Hurel-Hispano). 
Specimen dimensions and the stacking sequence are depicted in Figure 7-2. 
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Figure 7-2: Specimen dimensions and specimen stacking sequence (original design); material 
thickness is 1.1mm every 4 plies 
 
The insertion of Z-pins was performed using the hand held unit, as the size of the mould 
was too large too fit under the head of the gun within the available space in the gantry. 
Three combinations of Z-pin density and diameter were used. Additionally, the 
compaction procedure employed for the woven fabric materials in this study is only 
applicable for flat laminates; the standard vacuum hot de-bulking procedure was used 
for the manufacture of the T-stiffener. To compensate, de-bulking was performed for 
every ply. Figure 7-3 depicts intermediate stages of the lay-up and the de-bulking 
procedure. Z-pins were inserted from the skin side. 
 
The triangular area at the bottom of the web of the T-stiffener, referred to as the 
‘noodle’, is usually filled with additional material, as the existing material leaves space 
unoccupied due to the necessary radius of the mould. A strip of woven fabric prepreg 
was laid after the assembly of the two parts of the mould together, as illustrated in 
Figure 7-3c. No Z-pins were intentionally inserted into the noodle area. 
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(a) 
 
(b) 
 
(c) 
Figure 7-3: Intermediate stages of manufacture; (a) lay-up, (b) de-bulking using an envelope 
type vacuum bag and (c) addition of a strip of self-same material in the noodle area. 
 
The mould was manufactured by modifying commercially available L-shaped 
aluminium beams (3 in × 1 in × 6mm). The mould has a length of 520mm usable for 
lay-up, which provides 12 specimens after each cure. A radius of 3mm was machined 
into the outside edge of the L-beams, according to design. Additional grooves, 1.5mm 
in depth, were introduced to accommodate the co-cured tabs. Holes were drilled to 
Application of Z-Fiber  pinning to T-stiffener structure 193 
 
accommodate aligning steel pins, and flanges were used to retain the necessary 
clearances, as well as retain the mould in an upright position. The design allows a 
variety of thicknesses of material to be manufactured by using sets of flanges of 
corresponding thickness. The mould is depicted in Figure 7-4. Additional caul plates are 
used to cover the remaining skin area of the T-stiffener. 
 
 
Figure 7-4: View of a slice of the assembled mould containing the composite. 
 
An additional laminate of the same material (G986/M36) with a thickness of 1.1mm (4 
plies) was also manufactured. The laminate was bonded, after cure, to a portion of the 
T-stiffener specimens, in order to provide stiffening to the skin. The lay-up of the 
complete stiffened design of the T-stiffener is depicted in Figure 7-5. Surfaces were 
abraded before bonding and the adhesive used was Redux 420. Strain gauges were also 
bonded to a portion of the specimens to aid later modelling of the structure by the 
collaborators (also depicted in Figure 7-5).  
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Figure 7-5: Strain gauge positioning, stacking sequence of additional stiffening plate (stiffened 
design) and bonding adhesive; material thickness is 1.1mm every 4 plies. 
 
Specimens were cut using a dry diamond coated wheel and their sides were lightly 
polished; correction fluid was applied to one of the specimen sides to facilitate crack 
measurement during testing. All specimens are presented in Table 7-1. 
 
Density (%) Diameter (mm) Type of design No. of Specimens 
--- --- Original 1 
--- --- Stiffened 4 
2% 0.28 Original 1 
2% 0.28 Stiffened 4 
2% 0.5 Original 1 
2% 0.5 Stiffened 4 
4% 0.28 Stiffened 3 
Table 7-1: T-stiffener test cases 
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7.3 Description of test 
 
The arrangement used was a pull-off test configuration. A pulling load is applied on the 
web of the T-stiffener, while the skin is fixed in the direction of load application with 
two supports. Movement in the lateral direction can also be fixed [127]. The distance 
between the supports determines the location of the initiation of failure [72]. A narrow 
configuration favours initiation at the noodle area, while a wide configuration favours 
initiation at the end of the foot of the T-stiffener. 
 
The lay-out of the test is presented in Figure 7-6. Upward movement only is restricted 
by supports spaced at 80mm, while the tabbed portion of the specimen is clamped in 
grips connected to the load cell. The rig was designed and manufactured specially for 
the test with three objectives in mind; to facilitate an adjustable distance between 
support points, allow the T-stiffener foot-to-skin interface to be visually monitored 
during the test and accommodate an LVDT to obtain measurements of the displacement 
of the skin under the web of the T-stiffener, in order to aid later modeling of the 
structure. The same rig possesses a central channel and a side groove to accommodate 
additional parts used in the friction test as described in section 5.4.1. 
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Figure 7-6: Test configuration of the pull-off test; detail illustrates LVDT position and Z-pin 
location. 
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7.4 Performance of original design 
 
This section describes the performance of the T-stiffener before the addition of the 
stiffening plate (as in Figure 7-2). Only three such tests were performed (Table 7-1). 
Figure 7-7 depicts the load versus displacement trace of an unpinned sample. The load 
rises until delamination initiates on one side at the foot-to-skin interface. The maximum 
load reached is 450N. After propagating for 1.5mm, the crack jumps to 10mm. The 
specimen rotates after initial failure and the crack propagates further under the biased 
load distribution. The test was stopped before the crack reached the noodle area. 
 
Figure 7-7: Load versus displacement trace of an original unpinned sample; crosses indicate 
points of image capture. 
 
Figure 7-8 depicts the load versus displacement trace of a sample with 2% density, 
0.5mm diameter Z-pins. At a load of 600N damage initiates in the skin area on the right 
side. At a larger displacement delamination initiates on the left side and is arrested at a 
crack length of 6mm. The skin under the cracked area delaminates and bending failure 
follows. The behaviour was similar in the second (2%, 0.28mm) pinned sample; 
although no delamination was observed, bending failure occurred in the skin. Post-
mortem inspection revealed poor quality of the outside row of Z-pins in the first (2%, 
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0.5mm) pinned sample, where delamination occurred. The maximum value of the load 
is determined by the strength of the skin in bending. 
 
Figure 7-8: Load versus displacement trace of an original sample with 2% density 0.5mm 
diameter Z-pins; crosses indicate points of image capture. 
 
 
7.5 Performance of stiffened design 
 
The addition of the stiffening plate facilitates comparison between unpinned and pinned 
samples, as it prevents bending failure and allows delaminations to grow. At the same 
time there is a change in the location of failure of the specimen; failure initiates at the 
noodle area and propagates into the foot-to-skin interface as well as the web (Figure 
7-9).  
 
Two main differences can be observed between unpinned and pinned samples; firstly in 
the ultimate failure load and, secondly, in the capacity to sustain the load. These are 
discussed in the next two sections. 
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Figure 7-9: Failure initiates from the ’noodle’ area and propagates into the ±45  interfaces 
well as the web. 
 
7.5.1 Load carrying capacity 
 
Figure 7-10 depicts the average value of the maximum load carried during the test for 
all test cases. Error bars represent one time the standard deviation. No distinction was 
made whether the maximum load was observed before or after the onset of failure.  
 
Figure 7-10: Maximum load carried during the test of the stiffened sub-structure; average for 
each test case 
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An increase of 7% to 10% is observed with the insertion of Z-pins. The scatter, 
however, is significant. Post-mortem inspection confirms the good pinning quality of all 
pinned specimens. Slight variation of the pinning location is responsible for the scatter 
in pinned samples, as will be discussed in the next section. The scatter of the unpinned 
samples is also significant and overlaps with the error bars of all test cases. 
 
7.5.2 Damage tolerance 
 
The failure of the unpinned specimens was catastrophic after the onset of delamination. 
Figure 7-11 presents the crack position in an unpinned sample in two instants separated 
by the amount of displacement denoted in the figure. No intermediate position exists; 
0.1mm of displacement after a crack becomes visible, it propagates to a total length of 
over 20mm.  
 
Figure 7-11: Crack propagation in a stiffened unpinned sample at the illustrated crosshead 
displacement intervals 
 
Displacement: +0.10mm 
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Figure 7-12 and Figure 7-13 present the behaviour of pinned samples with a 2% density, 
0.28mm diameter and 2% density, 0.5mm diameter pinning arrangement respectively. 
Failure is progressive in manner and significant crosshead displacement is required to 
propagate the crack. The crack propagates further in the web than in the foot-to-skin 
interfaces. More than one crack is present and, as the curvature changes substantially, it 
also delaminates. The delamination of the web introduces a high mode I component in 
the foot-to-skin interface and the small thickness of the delaminating material is 
subjected to a lot of bending locally close to the crack tip. Only one row of Z-pins on 
each side appears to work at a given crack length. Despite the substantial bending, 
mostly around the one working row of Z-pins, no bending failure is observed; the two 
horizontal cracks propagate until one reaches the end of one foot.  
 
 
Figure 7-12: Crack propagation in a stiffened sample with 2% density 0.28mm diameter Z-pins 
at the illustrated crosshead displacement intervals 
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Figure 7-13: Crack propagation in a stiffened sample with 2% density 0.5mm diameter 
 
The damage tolerant behaviour of the pinned samples is reflected in the load versus 
displacement curves. Figure 7-14 depicts four such curves, one from each type of 
specimen. All specimens exhibit failure, the point of the largest load drop, at a certain 
displacement, which indicates the strength of the joint. The strength of the joint is a 
property dominated by the failure interface, which is common for all specimens. The 
initial linear part of the curve, however, is a property dictated by specimen stiffness and, 
since the geometry is identical, it is dictated by the thickness of the foot and skin of each 
specimen. It is apparent that the slopes of the curves are significantly different and 
therefore specimen thickness is different. Table 7-2 illustrates the variation in the 
thickness of the specimens and the reflection on the slope of their curves. The surface 
preparation and the addition of the adhesive have affected the final thickness. The 
pinning density and Z-pin diameter vary and can affect the final thickness, despite the 
fact that curing in the same mould reduces the variability. The consolidation procedure 
and the use of the hand held unit for Z-pin insertion are not optimised for controlling the 
final cured thickness of pinned laminates. All these parameters resulted in the 
differences displayed in Table 7-2. The thickness of the web of all specimens is 
identical, which is indicative of the effect of the aforementioned parameters; none is 
applicable to the web of the specimens.  
Displacement: 
+0.13mm 
Displacement: 
+0.45mm 
Displacement: 
+0.62mm 
Application of Z-Fiber  pinning to T-stiffener structure 203 
 
 
0
200
400
600
800
1000
1200
1400
1600
1800
2000
0 2 4 6 8 10
Displacement (mm)
Lo
ad
 (N
)
Unpinned
2% - 0.5mm
2% - 0.28mm
4% - 0.28mm
 
Figure 7-14: Sample of load versus displacement traces with significantly different slopes 
 
 Variation in thickness compared to average sample thickness (%) 
Variation in slope compared to 
average slope (%) 
Minimum -7.0 -5.7 
Maximum +10.9 +11.0 
Table 7-2: Effect of consolidation, Z-pinning and sample preparation on the load versus 
displacement curve. 
 
To eliminate the influence of the variability of specimen thickness, all curves are plotted 
against a corrected displacement. The procedure followed to correct the displacement 
relative to specimen thickness is simple. The original slope α of the linear part of each 
curve is given by the expression: 
 
δα ⋅=P  (7-1)
Where: 
 
P: load, 
δ: displacement 
 
 
If all specimens exhibited a slope equal to an artificial slope α', then the same 
expression would be: 
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xP ⋅′= α  (7-2)
Where:  
 
P: load (same), 
x: corresponding displacement 
 
 
Thus, the corrected displacement can be calculated using the following formula, derived 
from combining (7-1) and (7-2): 
 
δ
α
α
⋅
′
=x
 
(7-3)
 
Figure 7-15 displays all corrected curves; the uniformity of the slopes is apparent. The 
load values remain unaffected. 
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Figure 7-15: All corrected experimental curves exhibiting identical slopes 
 
Figure 7-16 contrasts each pinned case to the unpinned specimens in the area of interest. 
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Figure 7-16: Load versus corrected displacement curves for all pinned cases separately 
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In all cases the corrected displacement required to reach ultimate failure is larger for the 
pinned specimens. More notably, certain specimens can retain the load for an additional 
1mm to 2mm. After inspection, the location of the Z-pins in the failure interface of 
these specimens was slightly different. The noodle area was Z-pinned. This occurred by 
the emergence of a Z-pin angle during the insertion procedure. Furthermore, the 
initiation of failure in specimens pinned at the ‘noodle’ can shift from the ‘noodle’ to 
the curved section of the foot (Figure 7-12). 
 
The beneficial effect of Z-pinning on the delamination damage tolerance of the T-
stiffener is also apparent in Figure 7-17; the additional crosshead displacement required 
to grow a crack of total length of 20mm after initiation is depicted.  
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Crosshead displacement (mm)
Unpinned
2% - 0.5mm
2% - 0.28mm
4% - 0.28mm
Pinned at 'noodle'
 
Figure 7-17: Additional crosshead displacement required to grow a crack of total length of 
20mm after its initiation for all test cases of the stiffened sub-structure; Specimens Z-pinned at 
the noodle area are denoted 
 
Z-pinning is beneficial to delamination resistance from the moment a crack advances 
past at least one row of Z-pins. As the failure initiates at the ‘noodle’ area, the presence 
of Z-pins just outside the ‘noodle’ area is not contributing to delamination resistance 
before the crack advances further. Furthermore, the bridging zone in a thin laminate 
delaminating under mixed mode loading is limited. With only two plies of material 
delaminating in the T-stiffener, very few rows of Z-pins resist delamination failure. 
According to Figure 7-17 delamination performance depends mostly on Z-pin spacing. 
Only in the 0.28mm-4% case does a second row of Z-pins provide sufficient resistance.  
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7.6 Summary 
 
The performance of the T-stiffener in a pull off test is improved by Z-pinning. In the 
original thin skin configuration initiation of delamination at the edge of the foot was 
prevented with good quality Z-pinning close to the edge.  
 
In the stiffened configuration no effect on the initiation of failure was observed with Z-
pinning, whilst the ultimate load carrying capacity and damage tolerance are improved. 
Significant improvement in damage tolerance requires the insertion of Z-pins in the 
‘noodle’ area.  
 
Ultimate performance was affected by the fact that the design of the sub-structure did 
not incorporate the use of Z-pins. The low delaminating thickness limits both the length 
of the bridging zone and the available Z-pin length for pullout. 
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8 Overall discussion  
 
Z-pinning is a recently developed through-the-thickness (TTR) reinforcing technique 
for composite materials. A number of beneficial attributes of the technique had been 
already identified before the completion of this study. The ease of use in pre-
impregnated materials compared to other TTR techniques and the significant 
enhancement of delamination toughness are the most prominent. Testing with UD 
materials has demonstrated an increase of an order of magnitude in mode I delamination 
toughness. Mode II tests, using the ENF testing configuration, have suggested a notable 
increase in mode II delamination toughness as well; more importantly the stabilisation 
of crack propagation has been observed. Improvements in mixed mode delamination 
and CAI performance have been established. At the same time, the need for the 
development of rigorous data reduction methods specifically for Z-pinned composites 
has emerged, in order to accommodate the bridging effects introduced. Traction laws of 
a single Z-pin for mode I and mode II delamination in UD have been determined and 
considerable effort has been expended in the numerical modelling of mode I 
delamination, allowing parametric studies of the effects of Z-pinning. Analytical models 
describing the mechanics of Z-pin failure are also being developed. The mechanisms of 
the laminate ultimate failure can be changed by the presence of Z-pins. 
 
The established state-of-the art has been summarised in a previous PhD thesis from this 
group [20] and in a recent review [19]. The work presented in this thesis has established 
the following new study areas: 
 
  Tests and analysis of delamination in woven fabric composites both under mode 
I and mode II loading conditions. 
  Identification and assessment of the effect of parameters influencing pinning 
quality, as well as new procedures facilitating improved pinning quality. 
  Effect of specimen geometry on the apparent toughness of UD and woven fabric 
composites both under mode I and mode II loading conditions. 
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  Failure mechanisms involved in the delamination of Z-pinned laminates under 
mode II loading conditions, using a new Z-pin shear test. 
  Determination of the effect of friction in the measured delamination toughness 
and behaviour of composites under mode II loading conditions, using the 4ENF 
testing configuration, as well as a new basic friction testing configuration. 
  Tests and analysis of the effect of Z-pining on the in-plane properties of Z-
pinned composites; namely tensile stiffness, unnotched and notched tensile 
strength and in-plane shear stiffness. 
  Performance of a Z-pinned sub-structural element with respect to delamination 
failure. 
 
Some issues regarding the quality control, energy absorption, the influence of failure 
mechanisms on designing with Z-pins and modelling of Z-pinned composites are 
selected for further discussion here. 
 
 
8.1 Manufacturing and quality control 
 
The perception of need for pinning quality assessment has been increasing rapidly in 
recent years. A semi-automated insertion machine has been used throughout this study, 
providing reproducibility of good manufacturing quality. Accurately controlling the 
insertion depth is of paramount importance. Apart from the emergence of a Z-pin angle, 
the final thickness of the laminate can also affected by imprecision in the insertion 
depth. As Z-pinning is worthwhile mostly in pre-impregnated materials, the desired 
final thickness cannot be achieved without control on the insertion parameters. When 
using stitched dry fabric for instance, the final laminate thickness is controlled by the 
mould dimensions; despite any additional beneficial or unfavourable effects related to 
stitching the desired final laminate thickness will be achieved. Reproducibility of the 
desired thickness is a prerequisite for structural design, and is a critical area, if 
certification for service use is to be achieved. 
 
Overall discussion  211 
 
Nevertheless, an increase in thickness will always occur with the insertion of Z-pins. 
The insertion of additional material cannot take place without an increase in total 
volume. The volume increase depends on the combination of Z-pin diameter and 
density. The percentage of increase is usually slightly higher than the percentage of the 
additional material inserted. The final fibre volume fraction of the laminate will be 
compromised proportionally. Increased yarn tension may have unfavourable effects on 
the meso-structure of a stitched laminate, but it results in an increase of the volume 
fraction. This does not necessarily suggest that a stitched laminate will have a higher 
fibre volume fraction. It does demonstrate, however, the need to normalise all measured 
laminate properties to the final volume fraction when providing data of both Z-pinned 
and stitched laminates, to aid the selection of material by the designer. 
 
Satisfactory consolidation before Z-pin insertion is equally important. The designer 
must be aware of the potential of the selected material to achieve consolidation near the 
cured thickness with regard to the consolidation procedure applicable, considering 
stacking procedure, component size and component geometry. Moreover, material 
suppliers should provide such information and maybe take into account the importance 
of the potential of the material for sufficient consolidation when finalising prepreg 
properties.  
 
Small variations of the Z-pin parameters can significantly influence the failure 
mechanisms involved. This influences the performance of the composite, as well as the 
location and type of failure. Apart from the emerging need to include Z-pin insertion in 
the design to ensure the integrity of the structure, if not to fully take advantage of the 
new technology, the ability to properly control and monitor the insertion procedure is 
essential to achieve certification. 
 
Finally, in-plane misalignment of laminate fibres in UD material is comparable to that 
observed in stitched laminates; it ranges between 6  and 9  degrees in Z-pinned UD 
laminates, while the average value in stitched laminates is 10 .  Contrary to high yarn 
loop tension stitching, out of plane misalignment is minor and is mostly observed with 
0.5mm diameter Z-pins. The size of resin rich areas is correspondingly smaller on the 
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laminate surface, and complex stacking sequences result in a reduction in their size. 
Still, high quality surface finish requires the adoption of partial pinning. 
 
 
8.2 Energy absorption mechanisms 
 
Z-pin pullout characterises the failure mechanism involved in mode I delamination of a 
Z-pinned laminate. The frictional segment of the failure mechanism dissipates 
significant amounts of energy, reflected in the significantly increased apparent fracture 
toughness.  
 
In mode II, failure type is a function of the crack opening constraint, material type, 
stacking sequence and insertion depth to Z-pin diameter ratio. An additional amount of 
variability is introduced with a change in the Z-pin angle. A combination of Z-pin 
pullout, Z-pin fracture and resin crushing comprises final failure. The aforementioned 
parameters can have contradictory effects on the balance of the mechanisms.  
 
Even under mode II loading conditions, Z-pin pullout can be observed. If a significant 
amount of pullout is accommodated, the potential for energy absorption increases. A 
tailored insertion depth or Z-pin angle can favour Z-pin pullout. Energy dissipation at 
low displacements appears to be higher with Z-pin pullout; angled Z-pins pulling out of 
a woven laminate under shear loading exhibit steeper loading curves (see section 5.3.4). 
With a higher ratio of tension to shear (or bending) striffness and strength, debonding 
and frictional resistance of the Z-pin seems to absorb more energy than when excess 
resin crushing or internal splitting of the Z-pin is present. 
 
On the other hand, the maximum resistance load can be compromised, resulting in a 
lower amount of absorbed energy at large displacements. Accurate parameter selection 
is critical. Additionally, Z-pin pullout is accompanied by a higher opening to sliding 
displacement ratio. The introduction of significant opening displacement may 
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compromise the potential contribution of the resin under shear loading, as the mode II 
component decreases in favour of the mode I counterpart. 
 
If the presence of an angle is deemed favourable, then implementation of both a 
negative and a positive Z-pin angle is necessary to provide appropriate resistance in 
both directions, as in [72].  
 
Variations in thickness impose changes in both the opening constraint, and therefore to 
the mode ratio. Excessively thick laminates have displayed minor improvement in mode 
II delamination toughness with the use of Z-pinning [128]. This can be due to a change 
of the balance of the failure mechanisms, with Z-pins failing predominately in shear. 
Conversely, significantly small thicknesses, as in the T-stiffener, reduce the bridging 
zone length. After the appearance of a crack at the ‘noodle’ area, resistance to 
delamination was provided by very few rows of Z-pins. The enhancement of 
delamination resistance was a fraction of the potential of the Z-pins. The Z-pin chamfer 
further reduces the effective insertion depth up to 0.5mm for 0.5mm diameter Z-pins. 
This becomes important as laminate thickness decreases.  
 
The presence of the Z-pin chamfer, and the subsequent reduced bridging force, 
prevented the in-plane failure of the delaminating foot during the test. The excessive 
bending in combination with the degraded properties of the pinned laminate in 
compression [65] should result in bending failure. A reduced laminate thickness can 
therefore further compromise the potential for energy absorption, by the initiation of 
alternative failure types, in the presence of significant crack bridging forces. 
 
Resistance against mode I loading provided by the Z-pins is not compromised by the 
presence of significant mode II loading components. Figure 8-1 depicts a T-stiffener 
specimen under test, pinned at the ‘noodle’. A significant mode II displacement is 
evident; however, the opening displacement is minimal.  
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Figure 8-1: Significant mode II component during the initiation of failure in the ‘noodle’ area 
of a T-stiffener specimen 
 
In stitched laminates, the yarn loop ensures the presence of high tensile loads (up to 
stitch failure) in the reinforcement. Although pure tensile Z-pin failure is not possible in 
a delaminating laminate, improved performance against delamination may be achieved, 
if imposed mode I components on the Z-pins are favoured by design. 
 
Friction between the crack faces is an additional energy absorption mechanism involved 
in mode II delamination. Determination of the importance of the frictional effects can be 
aided by the determination of the friction coefficient between the fractured surfaces of a 
mode II delamination specimen. Literature on the subject is fairly sparse and values of 
friction coefficient hard to find. Most tests provide friction coefficients between 
composite and metallic surfaces. A new basic friction test has been implemented in this 
study. The curves obtained for the friction coefficient reflect the size of the 
microcracking and the occasional stick-slip behaviour observed in delamination testing. 
 
Previous work has evaluated the effect of friction on the measurement of mode II 
delamination toughness in UD materials [99]. Frictional effects attributed to both the 
fibre architecture and the resin systems of the woven fabric materials used in this study 
have been observed. Despite the absence of an accurate determination of the effect of 
friction in this study, the level of increase in delamination toughness supports the 
scepticism revolving around the validity of mode II delamination toughness values. 
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Nevertheless, any increase in mode II delamination toughness as a result of Z-pinning 
alone is amplified, considering that an appreciable part of mode II delamination 
toughness in unpinned samples can be attributed to friction. 
 
 
8.3 Designing with Z-pin reinforcement 
 
The importance of incorporating Z-pin insertion in the design of structures and joints is 
demonstrated in a recent study performed by Ferrari [113], comparing the performance 
between the tension-tension fatigue strength of pinned and unpinned double lap joints. 
Loading mode and specimen geometry are depicted in Figure 8-2. The results showed 
no improvement in the fatigue life and the appearance of a crack at a lower number of 
cycles in the pinned specimen than in the unpinned one. The crack initiated from the 
tips of the joint (denoted with arrows), propagated a few millimetres and then 
catastrophic failure followed, both in the unpinned and pinned specimens.  
 
 
Figure 8-2: Double lap specimen geometry and loading; (a) unpinned specimen, (b) pinned 
specimen (c) suggested specimen. 
 
Finite element modelling indicated a significant mode I component at the tips of the 
joint, up to 40%. The design of the pinned specimen emulates a bolted joint, or a riveted 
joint of metallic plates. In a bolted joint the friction between surfaces is enhanced 
through bolt tension, while metallic rivets constrain the opening by rivet tension and 
rely on high shear strength to bear the load. In both configurations the opening is 
completely constrained. In the Z-pinned specimen opening is not constrained before the 
crack propagates into the Z-pinned area. The appearance of a crack through part of the 
(a) (b) 
Insert film 
(c) 
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bonded area compromises the ultimate strength of the bond, equally in unpinned and 
pinned specimens. Additional shear displacement results in the introduction of an 
opening displacement by Z-pin presence. The cracking resistance of the resin is 
compromised due to the increased mode I loading component and a crack appears at 
low cycles. Despite the reduced cracking resistance available in the resin under the 
altered mode ratio, the life of the specimens remains the same due to additional 
resistance provided by the Z-pins. The importance of constraining the opening 
displacement is emphasised by the fact that the use of titanium Z-pins, possessing 
higher shear strength, did not offer any improvement. At final failure both carbon and 
titanium Z-pins pull out.  
 
It appears that when designing to optimise Z-pin reinforcement there are two important 
factors to be considered. Firstly, imposing a mode I component on the Z-pins by design 
and, secondly, allowing the presence of an artificial crack in order to maximise the 
effect of the presence of the Z-pins. Figure 8-2c and Figure 8-3 demonstrate designs 
where these factors are incorporated. The idea of creating an artificial crack using foam 
in the final structure is borrowed from the structure of X-Cor  and K-Cor , a new 
product competing with established sandwich structure designs. 
 
 
Figure 8-3: Z-pinning suggestion for a stiffener foot-to-skin interface. 
 
 
 
Z-pin 
Foam 
Laminate plies 
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8.4 Modelling mode II delamination with Z-pin reinforcement 
 
The experimental data obtained in section 5.3, concerning the performance of a single 
Z-pin under shear loading conditions, can be utilized as an experimental bridging law in 
the construction of an FE model, similar to [77], in order to study mode II delamination 
of Z-pinned laminates. However, parameters as the insertion depth, Z-pin angle, 
opening constraint and material type would have to be incorporated in the model, since 
they determine the balance of the failure mechanisms, as discussed in section 5.3.8. A 
constitutive bridging law of the bridging ligaments would be required to avoid 
additional testing using the configuration described in section 5.3, in order to obtain 
separate experimental bridging laws for each case. The model described in [34,74] is a 
constitutive model of through-thickness bridging ligaments. 
 
Laminate material type and stacking sequence affects the type of constraint on the Z-
pin, as well as the length of the Z-pin that is allowed to deform under the combined 
shear, bending and tension loads discussed in section 5.3.8. The size of this critical 
length is not incorporated in the formulation of the constitutive bridging law, described 
in [34,74]. The development of a constitutive bridging law considering the Z-pin as an 
engineering beam subjected to the experimentally observed loading and boundary 
conditions may be the most appropriate model to study. 
 
 
8.5 Potential applications  
 
The potential of industrial application of Z-pinning revolves around structures, in which 
the principal mode of failure is delamination. The insertion of Z-pins in order to 
enhance delamination toughness can be combined with the potential of the method for 
component joining, with minimal changes in the manufacturing procedure. Z-pinning 
shows promise for use in structural subcomponents similar to the one described in 
chapter 8. The commercial aeronautical industry is a strong candidate for future use of 
Z-pins, considering the dominance of prepreg materials in the manufacture of 
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aeronautical components. The military sector is already using the Z-pinning technique 
(F18 E/F fighter) and can also benefit from the increased damage tolerance attributes of 
Z-pinned laminates in ballistic applications.  
 
 
Figure 8-4: Race accident, severely testing crash structure components in F1 (Melbourne 1996) 
 
The automotive industry, and in particular the motorsport sector, shows growing interest 
in Z-pinning. The use of Z-pins is currently extremely popular in crash structures. 
Sacrificial crash structures have recently become a standard feature in passenger and 
commercial vehicles. Although prepreg materials are not used in the manufacture of 
high volume vehicles, the niche car sector uses increasing amounts of high grade 
composites. A popular project (the Mercedes SLR) is a forthcoming example of the use 
of composite containing TTR in production, albeit incorporating stitching technology 
and not Z-pinning. Crash structures in heavy people carrier vehicles are another 
potential application, where increased damage tolerance and weight savings overcome 
the increased cost of manufacture related to prepreg materials. 
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Figure 8-5: The stitched composite body of the SLR 
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9 Conclusions and suggestions for further work 
 
9.1 Conclusions 
 
1. The insertion of Z-pins into prepreg materials results in an unavoidable increase 
in nominal cured laminate thickness.  
 
2. Z-pinning introduces in-plane fibre misalignment, the magnitude of which 
depends on material type and stacking sequence, and minimal fibre damage; out-
of-plane fibre misalignment is also present. 
 
3. The insertion of excessive Z-pin length will result in the emergence of an angle. 
Sufficient consolidation prior to pinning and partial pinning are techniques to 
effectively restrict Z-pin angle presence. 
 
4. Z-pinning greatly enhances mode I delamination resistance and provides 
stability during crack propagation in woven carbon composites. 
 
5. Any increase of Z-pin density, insertion depth and laminate thickness, increases 
mode I delamination resistance in Z-pinned laminates; any increase of the Z-pin 
diameter has the contrary result. 
 
6. The 4ENF testing configuration appears as an advantageous mode II 
configuration in the testing of Z-pinned laminates. 
 
7. In order to achieve accurate data reduction of mode II delamination 
measurements with Z-pinned woven fabric materials, alternative methods are 
required; the introduction of a new specimen was implemented in this study to 
avoid the compliance calibration procedure, as used in the typical procedure of 
delamination testing with the ENF configuration.  
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8. Additional frictional effects between the crack faces have been observed in 
mode II delamination of woven Z-pinned laminates, attributed to the woven 
fibre architecture.  
 
9. Z-pins fail under shear loading through a combination of resin crushing, 
laminate fibre breakage, pin shear, pin bending and pin pullout. The balance of 
the failure mechanisms of a Z-pin under shear loading is a function of the crack 
opening constraint, material type, stacking sequence, Z-pin angle and insertion 
depth to Z-pin diameter ratio. 
 
10. An optimum insertion depth exists, depending on material type, where energy 
absorption under shear loading is at maximum. 
 
11. Z-pins introduce a mode I component under shear loading. 
 
12. The reduction in the fibre volume fraction is the single most important parameter 
affecting in-plane stiffness of Z-pinned laminates.  
 
13. Any increase in Z-pin density or diameter results in a reduction of Z-pinned 
laminate strength. Any increase in the complexity of the stacking sequence 
diminishes this effect. 
 
14. The effectiveness of Z-pinning is enhanced when mode I delamination 
conditions are favoured by design.  
 
 
9.2 Suggestions for further work 
 
The importance of pinning quality has been underlined throughout this study. Further 
development of the pinning quality metrics is the next stage; the development of a 
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database for the insertion parameters may decrease certification time if different 
materials are used. The upgrade of the current insertion equipment to collecting data of 
force as a function of displacement and temperature during insertion is possible. 
 
The effect of Z-pin angle has not been fully investigated in mode II and not attempted in 
mode I. Mode I tests with angled Z-pins will help further evaluation of the performance 
of Z-pins under mode I loading with significant lateral deformations. Mode II tests will 
provide the design envelope available in terms of energy absorption, within which using 
angled Z-pins under mode II loading conditions is feasible. Moreover, as stressed in 
[20], no work has been done on strain rate effects of Z-pinned laminates. 
 
The threshold force for damage initiation for an impact is reduced when the impact is 
located on a pinned region, probably due to the stress concentrations introduced by the 
Z-pins [20]. It would be interesting to investigate if partial pinning overcomes this 
problem. 
 
The subsequent CAI performance of partially pinned laminates can be investigated 
further. The effect on the compression properties of woven fabric Z-pinned laminates in 
general is a totally unexplored area. 
 
A first exploration of fatigue behaviour has been carried out recently [113]. Fatigue is 
probably the most important unexplored area yet. Sustaining the beneficial performance 
of Z-pinning under fatigue loading conditions will widen the application opportunities 
of Z-pinning. 
 
A more accurate determination of the role of friction on the mode II failure resistance 
can be achieved by the implementation of a mechanism that control or measure the 
opening constraint in the pin shear test.  
 
It would be interesting to measure the performance difference between delaminated 
(after impact for instance) unpinned and Z-pinned sub-structures similar to the one 
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described in chapter 8. Delamination damage is the main purpose, that Z-pinning was 
initially considered for.  
 
In general, more experimental work on structural components can test the soundness of 
the design techniques proposed in the previous chapter and provide new design 
strategies with Z-pin reinforcement. Testing of the joints of Figure 8-2c and Figure 8-3 
can provide useful information. 
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Appendix A 
 
A1. OHT model details 
 
The FE model of the Open-Hole Tension test coupon, discussed in section 6.1.1, was 
built using LUSAS software, version 13.4. The aim of the model was to obtain a strain 
map of the specimen under testing conditions, in order to aid strain gauge positioning.  
 
A quarter plane stress model of the specimen was built, due to the two axes symmetry 
of the geometry. The boundary conditions are depicted in FigureA1. Lines 5 and 8 are  
fixed against translation in the horizontal axis, while 
line 2 is fixed against translation in the vertical axis. 
Line 6 is loaded with a distributed load. The size of 
the model – namely the length of the lines – is 18mm 
horizontally (line 6) and 62.5mm vertically (lines 3 
and 7). Line 4 is placed at the end of the pinned area 
(line 3 is 12.5mm long). 
 
The elements are linear quadrilateral. Effort was 
expended initially to create an economical mesh, in 
order to run the model using the student version of the 
software. Thus, a non-uniform mesh of the lower part 
of the model was constructed. Table A1 displays the 
final element divisions along each line. Figure A2 
depicts a closer view of the undeformed mesh as well 
as the view of the full deformed model. The mesh was 
refined in steps by increasing the number of divisions 
(and therefore elements), until a further increase did 
not affect the strain contour results. The total number of elements required was higher 
than the allowable limit of the student version and a dongle key was acquired to 
Figure A1: Model boundary 
conditions 
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properly built and run the model. Subsequently, with no more limitations on the element 
number, no further effort was spent to create a non-uniform mesh of the upper part of 
the model. The model is simple and, therefore, not time consuming; less than 10 
seconds are needed for acquiring a solution on a PIII-500MHz processor.  
 
Line No. of Divisions Line No. of Divisions 
1 12 5 25 
2 30 6 18 
3 15 7 30 
4 18 8 30 
Table A1: Number of mesh divisions per line 
 
Figure A2: Close-up of the undeformed mesh (left) and full view of the deformed mesh (right). 
 
The model was run twice for each case. The first case was the case of the unpinned 
specimen where the material properties were the same throughout the model. A solution 
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was run for each type of material (Cross-ply and woven). For the pinned case, the 
material properties of the lower part of the model (representing the pinned area) were 
changed accordingly and, again, two solutions for the two types of materials were run. 
The change in the properties of the woven material due to Z-pinning was measured in 
section 6.3.1. For the cross-ply case, where no data were available, a similar percentile 
reduction for the tensile stiffness (13%) was initially assumed. The Poisson ratio was 
similarly assumed to be 0.08, as measured in the woven tensile specimen, while the 
shear modulus was assumed to remain unchanged with a value of 6GPa in both cases. 
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(a) 
 
(b) 
Figure A3: Longitudinal strain contour (a) and strain distribution (b) at strain gauge position 
(horizontal slice) for a 10kN load. 
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(a) 
 
(b) 
Figure A4: Longitudinal strain contour (a) and strain distribution (b) at strain gauge position 
(horizontal slice) for a 30kN load. 
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(a) 
 
(b) 
Figure A5: Longitudinal strain contour (a) and strain distribution (b) at strain gauge position 
(horizontal slice) for a 50kN load. 
 
